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An experimental prooram was o oonducted to Jetermine the rlare querchine
rapability of fiur types . Tlame arresters sultatle £ or ingtaliation on fue’
carse tank vents.  The tur types of Tluame arrestere included & Sincle 30-mes:
screen arrvester, a dual 20-mech sereen arrester, a spiral-w-und, crimped rit: o
arrester, and a packe? beq o7 riness arrester. The tests simuiated the exha o -3

Clamnable Tielsalr mixtures from a carso tank vent ints an open deck envir onment.
irnition 57 the exhaust from an external source caused a flame to #.asih tack ver

a finite run-up distance t-~ the vent stack, which was pr.tected by a .ame arreocter.
in some tests, the rimme was sustained .n the arrester Tor durations up t.oo 3L omine-

utes. ‘he flashback flame teusts iseld eight dirferent fuel/air mixtures t« pr durce
flames with speeds representative ¢ thise from fuels that could be carried as
pulk cargo aboard typical transp vt vesseis.  The els used in testin. were

(7) acetaldehyde, (2) butune, (3] uiethy! ether, (&) ethylene, (5) gas . .line,

10} metnancl, i) propane, and (8) t-luene. 0Of these fuels, propane and ethy.ene
were used during the faciiity check-sut, the initial screenines tests, and the
sustainei burning tests. The standard test condition was a fuel/air mixture at

an equivalence ratis rrom 1.0 to 1.2 (which produced the theoretical reximur Tlame
speed t'<r the fuel used) and a flow velccity that was low enough, 1.52 m/s (Y% Tt/s),
to assure flame propaguticn back into the inlet piping in the event or an arrsster
failure.

The experimental program was performed at the Jet Propulsion Lab ratory's
Edwards Test Station (JPL-ETS) where the existing B-Ctand facility provided suit-
able safety protecticn and support activities. A photograph of this tost rfaciiity
is shown in ¥irure 1-1. The facility was modified by adding a gasecus fuel
a large flame test chamber, and a vertically directed, sustained burnins test

stand.  The fuel/air supply and induction system provided a o ontinuceus flow

flammable mixture into a 22,8-.m (7B=ft.) ienrth of 15.2-cm- (A-in.-) Jilameter
pipirn-.  The rUlame arrecter test assemtlies were mounted at the end . U the ra-ilitr
piping ¢t simulate the vent stack confipuration aboard a tank vessel. pti-cs.
rlame sens rs, pressure senstrs, and thermseouples were installed in tue Taci ity
pipins L. witness and record any flame penetration. A 2.4h-m- (8=ft.-" diametnr
by 4.07=m— (15=t.<) Jomr eylindrical chamber provided a protecting enc~lisure
surrcunding the test arrester and the flow area tor a considerable disance i wn-
stream.  The cpen ends of the test chamber were covered with a thin opoique plartil
ilm to prevent wind dilution and dispersion of the Clammable rtuelZair mixture
piume, bat otfered minimal restrictisn to the expanding gases after ~ombusti 1.
An exhaust coliector and burn-off stack located at the downstream end . I the test
chamber maintained atmospheric pressiure within the chamber bef.re fenition, i
provided a nmeans o reducings atmospheric pollution frem the unburned el 'aiv
rixtures passinge Shreoush the chambor. Cptiecal flane sensors, presaure sens ro,

and A hish-upecd motion pirture camera were used in the tlame test chamber 1 '
witnenss and record igniticon oarnd flame propasat ion., It was possible to ipnite the i
Miesair o mixbure from o twe difterent jocaliong: (1) at the npstream eny 0 the §

chamber, o o5e 1, the fnee < the test, arrester, and (O at the downatream end .o
the chamter whoere the Jdistance was sufticient. b inoure that the ame propasat o
dpstresmn hed oachicved sleady-ctate speed npon reachine the test arrecstor. T
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An initial series of screening tests were made in the full-scale :'lame oot i
chamber usi-yg propane/air mixtures and ethylene/air mixtures (as reprecentat e
of the two extremes of probable flame speeds for typical bulk cargo fugls,

determine which igniter location (upstream or downstream) produced the moust o-vere
test conditions. The severity being identified as the hichest flame sueed pr -
arating upstream towards the test flame arrester. Both the single 30-mesh cuoreen
arrester and the dual 20-mesh screen arrester were evaluated for flame quenclings

capability on these tests. The resulting flame speeds ranged Trom 2.0% t¢ G.uu @ o
{9.31 t~ 21.65 ft/s) with the upstream igniter location producing the nirher lume
speed fur both fuel/air mixtures. A tabular summary of average values of {lane
speeds and peak pressure rises for all fuels tested is given in Table i-1. The
single 30-mesh screen arrester quenched all flashback flames for both fuel/air
mixtures. The dual 20-mesh screen arrester quenched all propane/air mixture

tlames and the ethylene/air mixture flames initiated by the downstream igniter
lscation. The ethylene/air mixture flames initiated by the upstream irniter . ca-
tion penetrated the dual 20-mesh screen arrester in three successive tesgt firin.sa.

A tabular summary of the flashback flame quenching test results for all fuel/air 4
mixtures and test arrester assemblies is given in Table 1-2.

The upstream igniter location was used on all the subsequent flashback flame
guenching tests. The single 30-mesh screen arrester and the dual 20-mesh screen
arrester were tested with the six remaining fuel/air mixtures. Both arresters
were successful in quenching the flames on all test firings as shown in Table 1-2.
The resulting flame speeds, or test condition severities, for the six additicnal
fuel/air mixtures were less than those measured for the ethylene-fuel/air mixture,
as shown in Table 1-1.

The original test configuration for the packed bed of aluminum Ballast rinecs
arrester was unsuccessful in quenching the rlashback flames from gasoline/air
mixtures in three successive test firings. A single 30-mesh screen was added on
the downstream end of the arrester, between the retainer grid and the bed of
rings. This modified configuration was successful in quenching flashback flames
from the propane/air mixture, gasoline/air mixture, and three out of four test
firings with ethylene/air mixture. The spiral-wound, crimped stainless-steel
ribbon arrester was successful in quenching all flashback flames from propane,
ethylene, and gasoline-fuel/air mixture test firings. The test results are
surmarized in Table 1-2.

The sustained burning tests were conducted outside of the flame test chamber
by rearranging the facility piping. Using a combination of pipe elbow:, the iast
section of inlet pipe was redirected 90 deg to one side and the flame arrester
test assemblies were mounted on the end of the pipe in the vertically up position.
Twe, different sizes of flame screen arrester assemblies were tested, (1) the
original 15.2-cm- (6-in.-) diameter adapter housing and (2) a new 25.L-cm-
(10-in.-) diameter adapter housing. This change in arrester flow area was maie
to evaluate the effects of the apprcach velocity and flow-tnrough veloecity of the
fuel/air mixture on the thermal environment at the screens. The single 30-mech
screen arrester and the dusl 20-mesh screen arrester in both pipe sizes, the
packed bed of Ballast rings arresier, and the spiral-wound, crimped ribbon arrester
were all successful in maintaining sustained burning with the propane/air mixture
for the full 30 minutes (1800 seconds) of test duration.

1-3
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Sustained burning tests were also made with the ethylene/air mixtire, but
because of the anticipated severity of test conditions, only the packel bed of
Ballast rings arrester and the spiral-wound, crimped ribbon arrester were tested.
The spiral-wound, crimped ribbon arrester failed in two tests of 423 reconds and
383 seconds duration. The packed bed arrester failad on the first tevts after
only 43 seconds duration, and resulted in a deflagration-to-detonation transition
in the arrester bed. On the second test, the packed bed arrester failed immediateiy
after ignition due to a damaged screen. The results of the sustained burning
tests are summarized in Table 1-3.

Table 1-3. Tabular Summary of Sustained Burning Test Results

Flame Arrester Type of Time Duration
Type and Size Fuel of Burning, s Flamethrough

15.2-cm= (6-in.-) diam. single Propane 1800 No
30-mesh stainless-steel szreen
15.2-cm- (6-in.-) diam. dual Propane 1800 No
20-mesh stainless—-steel screen
25.%-cm= (10~in.-) diam. single Propane 1800 o
30-mesh stainless-steel screen
2.54-em- (10-in.-) diam. single Propane 1800 No
20-mesh stainless-steel screen
30.5-cm= (12-in.-) diam. by Propane 1800 No
20.3-cm- {8-in.-) long spiral-
wound, crimped stainless-steel Ethylene 423 Yes
ribbon

Ethylene 383 Yes
25.4-cm- (10-in.-) diam. by Propane 1800 No
LS. 7-cm- (18-in.-) long packed
bed of 2.5b4-cm- (1.0-in.-) Ethylene L3 Yes
size aluminum ballast ring
plus a single 30-mesh Ethylene G Yes

stainless-steel screen

1-6




SECTION II

INTRODUCTION

The U. 8. Coast Guard, under the Ports and Waterways safety Act 'PL 92--.055,

is responsible for the safety of vessels and U, S. ports from the inherent huzar:

f handling petroleum products. The Coast Guard must insure that cary . tanno
abuard vessels are adequately protected from ignition sources that may be precent
on deck. OShips and barges that carry grades D and E flammable cargr =re req.ired
unier Subcharter D of Title LG to have flame screens on the vent outlets 1 car-
tanks, coflerdams and void spaces, and on all open ullage hcles, hatcres, r
Rutterw rth plates. The screens prevent accidental flame passage frov the pon
deck int - the cargzo tank. A single 30-mesh screen or dual 20-mesh screens uruzed
move than one-half inch apart and not more than one and one-half{ inch upart =re
wpproved by the U. &. Toast Guard.

The adequacy of the flame screen as a flame arrester has been questione:
(Reference 2-1). Wilson and Crowley (References 2-2 and 2-3) carried .ut tusts
for the U. 3. Coast Guard with screen arresters, where the screens were nmounted
some 1.83 m (6.0 ft) inboard from the open end of the pipe, rather than at the
end as in the standard vent-stark installations. These nconstandard instaliations
were used for tests of screen arresters at hieh turbulent flame speeds, ranging
from 2 to 30 m/s (6.6 to 98.L ft/=). These tests of screen arresters were mre
severe than thnse where the screeus were mounted in the standard insta.lation.
Under certain conditions, screen arresters failed to quench the flame in some of
these tests. Tt seems, however, that the higher flame speeds were acc¢ompanied Ly
gross gas motinns that caused apparent discrepant flame quenching resuits.

Because the Wilson and Crowley test conditions were not representative of
flashback-flame propagation tc a standard vent-stack installation in an open
environment, more tests that simulated the actual conditions existing aboard fuel
cargo transport vessels were needed. One of the major points of interest is
whether or not a flame will accelerate in an open deck environment and what effect
this accelerated flame speed has on the quenching capability of the screen arrester.

Screen flame arresters mounted at the end of a vent stack are designed to
prevent flames ignited outside the tank from propagating into the tank. 1t is
assumed that the flammable gases in the vent stack are either quiescent or flow-
ing out. On the other hand, most of the reported tests on screen flame arresters
confine the flame in an enclosure whose only or major outlet was throush the rlame
arrester {Reference 2-4). Combustion within an enclosure is invariably accompanied
by ccnsiderable gas flow through the screen in the direction of flame propagation.
The hypothesis to be tested was whether an unconfined turbulent flame flashback
can be stopped from propagating into a vent stack whose end is covered with a
screen flame arrester. In these tests, it was supposed that there is no gross
gas flow through the screen associated with the ignition and propagation of the
flame.

Screen flame arresters are designed to completely enclose the outlet openings
with a fine wire mesh. The wire mesh is sufficiently open so that it offers neg-
lifible obstruction to the passage of gases and vapors, but the mesh openings are
ton small to allow the passage of flames. There should be no copening in the




soreen lame arrester with an equivalent hydraulic diameter1 jarger tian the
critical djiameter of flame quenching in a tube. The critical diameters Cor ¢
quenching in a tube for a large variety of different flammable gas miztures bave
been established in extensive laboratory tests, as discussced in Wils-» and
Attalah's review of flame arresters for cargo venting systems (Refererce -9,
It has been shown for laminar flames propagating in flammable pases that the
correlation for the critical Peclet number (Pe) (Reference 2-h) is:

= +
log  Pe = 1.8 £ 0.3

Pe is Jetined as Dcgr x Su/a, where Dcg is the critical diameter for flame quench-
ing in a tube, Su is the laminar flame velocity in the unburned mixture, and a is
the thermal diffusivity in the unburned mixture. The uncertainty in the value c?
lozo Pe allows for differences in the behavior of widely different fuels and
oxidizers, but it is sufficiently restrictive to yield useful design values 1.r

the maximum allowable opening sizes in flame arresters.

The concept of quenching a laminar flame in a narrow tube through heat icss
to the walls of the tube is well established (Reference 2-5). For effective
flame quenching, the surface must be noncatalytic (this requirement is satisfied
by all commercial materials of construction) and heat dissipative (stainless
steels have adequate conductivity). Screen flame arresters differ from iscliated
orifices of the flame quench thecory in that there are arrays of orifices. Each
orifice in the array acts identically to an isolated orifice as far as flame
quenching is concerned. Gas flows and heat transfer associated with flame prpa-
zation and gas volume expansion seem to be the main causes of screen failure.

The flame heats and weakens the wires of the screen so that fluid friction and
pressure tear openings into the wire mesh (References 2-6, 2-7, and 2-8). It is
evident that prolonged exposure to sustained burning will decrease the quenching
capability of the screen arrester, a phenomena that requires further investigation.

Flames propagating in open environment are almost invariably turbulent, as
oppused to the laminar flames considered in the quenching theory (Reference 2-9).
For most practical considerations, open turbulent flames can be considered highiy
wrinkled laminar flomes whose characteristic wrinkle dimension is in the order
nf the critical diameter for flame quenching. The heat release rate is propor-
tional toc the total area of the propagating wrinkled flame front, which can be
many times larger than the superficial projected flow area. The criterion fuor
the critical diameter for flame quenching by the flame arrester is the same 1" r
turbulent and laminar flames according to Reference 2-4, but the heating effects
»f the turbulent flame are very much greater. In addition, the nonunirorm and

luctuating turbulent flame front can cause, in pockets of the flame, the re.ease
~f transient high pressure and high heat that far exceed in value the pressure
and heat of a laminar flame (Reference 2-11). If a transient high reactivity
pocket -.f gas coincides with the intersection of the flame front and the screen
flame arrester, there is a probability that the flame will penetrate the screen

o . . 4 x {cross-sectional area of passageway)
Equivalent hydraulic diameter = Leros £ EONEY

perimeter of passageway




at thet oot on, 7 prevent cuch Clame penetratioan, o onceruotd i U t
Wworl b oan s U Soreern venineo onboctantially cpadler than che the et ol -
roUiane et chinees These conciderations are probit iy the o n N
Xl et Cakann o v'e review {(Reerence 2-U) croenty noa wide e
sritieal teclern numbers rep o rted by Jditrferent inveotlcat. oo in simulc o

rracticsl Tire envirvonments.

It ois imp rtant to make o distinetion between "burning velocity' and "ila
steed” tRelerence -2). Burning velocity is defined as the speed -F e pr o1unonu-
ticn o a flame tront relative to the speed cof the unburned gas. It .o a pr perty
as comporsition and of the physical state of the unburned pas nixture.

e rpeed is iefined as burning veloceity plus any ross motion in the unbuone:
as relative t u fixed frame of reference. It is inflienced by grosc zas wti n
and by the recmetry of any enclosing structure.

I'ne propawscation of a flame in a duct can create gross gas motion. This is
clearly illustrated if we consider a duct, closed at one end and cpen to the
atnosphere at the other, 7Tillel with a flammable gas. When the gas is ignited at
the clnsed eni o7 the duct, the Tiume speed is greater than it would te if the
“lame were started at the open end and allowed to travel toward the cl - sed end.
In the case »f c¢losed end irniticn, the burned gas is expanding and pushing thie
unburned ;ras ut the cpen end of the duct, so that the "flame speed" is the sun
of the "burnin,s velocity" and the gross motion, which is caurced by the expansicn
¢t the trapped hot combustion products. In the second case, the ignition at the
vpen end causes the unburned gas to remain stationary, hence the observed "flam
speed" is nearly the "burning velocity" with differences due mainly to flame front
interaction with the duct wall.

While gross gas motion dees not change burning velocity by itself, there are
acditicnal factors that cause enclosed turbulent flames to accelerate in burnine
ve.ocity. Acceleration of turbulent flames in ducts has been discussei in a pre-
vious JPL report (Reference 2-10) in connection with transiticn from deflagsration
to detcnation. Little understond interactions between turbulent flame propa;ation
and the turbulent boundary layer on a duct wall can lead to appreciable accelera-
tion of the burning velocity. The flame can be accelerated to such a high speed
that shock waves become associated with the highly turbulent flame front, where-
upon compressive heating causes still greater acceleration until detonation is
obtained. In a confined duct, particularly in those with rough walls, turbulent
flames can readily accelerate to the point where self-compressive ignition occurs.
The transition from deflagration to detonation in hydrocarbon-fuel/air mixtures is
an extremely improbable event in an oren environment, but detonations can be ini-
tiated by a shock wave from an external source, such as a bomb (Reference 2-11).

FPipes carrying vapors out of cargo tanks that contain volatile flammabvle
Piquids may contain a fuel/air mixture within the flammable range, as illustrated
in Firure 2-1. A source of flame ignitinn outside the vent stack, as illustrated
in FifFure 2-0, may cause a flame t« propagate into the vent stack. Fiame propa-
ation within a narrow pipe is particularly dangerous, because both confinement
of the expanding not combustion products and flame front acceleration iue to
interaction with the wall boundary layer can occur. In severe cases, the tlame
pr .pagati n can become a destructive detonation wave. The illustrati n in Vir-
ure 2-" shows o Slame front accelerating inside a pire in contrast to the unit rn
rate " propacation in the open air,

.
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Table 2-1. Properties of Selected Fuels :

Common Name Chemical Name Formula Moulecular Weils-hi!
? Acetaldehyde Ethanal CH3CH0 L. 053
Butane n-Butane chHlO 58.1:3
Diethyl ether Ethoxy ethane (02H5)2O Th.122
. Ethylene Ethene CZHh 28.054
Gasoline - CSHIS.hh 111.L%
Methyl alcohol Methanol CHBOH 32.0%2
Propane Propane CBHB Lk, 096
3 Toluene Methyl benzene C6HSCH3 92.140
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SECTION III

TEST FACTLITY DESCRIPTION

A. GENERAL

Ail testing for this program was performed at the B-Stand racility - fhe
Jet Fr pulsion Laboratory's Edwards Test Station. The B-Stand test area c.ntsine
an alr compressor system, fuel system, fuel vaporizer and condenser 1. ©, e
and air induction system, facility piping, test flame chamber, and an =xhau=t-
burn stack. The test facility flow cystem schematic diagrams are showrn in Fie-
ures 3-1 and 3-2. Table 3-1 gives -~ description of the symbols used i:u the
schematic diagrams. A detailed description of the major porticon of this test
facility is iriven in Reference 2-10. Some modifications and additions were mu:e
t> inccrporate gaseous-type fuels, flashback flame testing, and sustainci burnines
testing for this program.

The following is a brief description of the various faciiity systems irc.ia-
ing the modifications and new additions.

B. AIR COMPRESSOR SYSTEM

A new multistage centrifugal turbine air compressor was installed, which i3
rated for 11.3 m3/min (400 indicated cfm) at 41.l4 kN/m@ (6.0 psid). It is iriven
by a 1Lk.9-kW (20-hp) electrical motor. Air flow in the 10.2-cm- (w-in.-) diameter
pipe system is controlled by a remotely operated metering valve and a remctely oper-

Eo

ated bypass valve. Flow rate is measured using a Meriam Laminar Flcw ilement (IFE;.

C. FUEL SYSTEM

Two paralliel systems provide a variety of either liquid or gasenu:s fuels.
Liquid fuel was supplied by a nitrogen gas pressurized tank with a capacity 7
0.049 m3 (13 gal) and a working pressure of 6895 kN/m® (1000 psia). Fuel tl. w
was controlled by a remotely operated metering valve and measured with a turbine-
type flowmeter. Gaseous fuel was supplied from a manifold containine two type-la
shipping cylinders hLaving the combined volume of 0.0876 m3 (3.08 t+3). The n rmal
delivery pressure was 82Tk kN/m¢ (1200 psia). Gas flow was crntrolled by a
remotely operated pressure regulator and measured with a precision-bored sonic
orifice. The fuel gas temperature was stabilized for flow measurement using a
water bath preheater.

D. FUEL VAPORIZER AND CONDENSER LOOP

All fuels were either vaporized or preheated with a remotely regulated elec-
trical heat exchanger before injection into the flowing air stream. A pneumaticaiiy
operated three-way valve energized to the RUN position directed the heuated fuel
into the fuel injection manifold. With the valve in the CONDENSER position, the
heated fuel was directed into a water bath heat exchanger where most ot the

'2




SRS HO N edd Y QWR L] Jda] SUCT4BROD] UL I4BIUSUMA 45U
TIIM OW@BLST L O 13BWIYDY swWashy A1y pue jorng L3ITTIoBd 4535 C1-L SJn3ry
¥ PV
. INVA WV ITING
S ONPUM 1IN _
Vv, 2 WIWVYHD 1531
X INIBANL 130 ~ (134 / 3w L OL|
-
> < < (> (T (~] DA
4, (& yamaimn W)
. 7 (1] 9 Aa\ X
ANVI BOLDTIIOD
$5v1D V. 1304 GINOI —
(HOIS A b
13IAN
anoi - ANVL ATddNS ADVIS 40
1304 QNON -N¥M% Ol
SYIANIIAD
134 SNO YO / \ PAVY
><] <] v° FETNIE] TIgWVS
SvO SvO 1IN
. (13} v°<A > & ®) 1,
. \ =
. £ X © XL H
Y (o] W) N,
[ 44d |
i A N
. 3AUYM
N LTING A14dNS INVIOOD
| NOVIS 340 " a— NIDO¥LIN
& [ ¥ISNIGNOD
. “N¥ME OL ) \ SNOISVO (f0) 13IN4 0INOIT
PETCETE
13n4 VA «ﬂwﬂ«%.
SNOISYD [ YISNIANOD
o WOu3 ﬁ.mMT
I's “VATLWMI _: T II“ A ]
¥ard 13nd — & 421
, YN MO --~- [1Ad]
i IDI0 133 = _—
: anod i > 4
! suwvmolf | (S ¥32190dvA
YOLOW ANV TN -
v
F9V1S 440 MO Y
ol c awmoay (o
\ = ¥IXIW
w Ser—Licea o) YOANL w304
! = ~ P \ 1304
i IAVA
ONIBUW UV =
: ©
FERIFR NVA
. LINLEY SSYd=AR WV -
AOVIS INIA
F
. '\‘
A
b —-v T T T e >~
A 1. RN K . AN AR T T

3-2

WIANITAD
Ndwvs
13 2

_

SWAN

B4

—{twd]




SUTFNOL J0RUaddy D] G SUOTABION UGTEIUSUMJIGEU]

LA MU O TRES G WO SAT MO T JOqWBYD 1S9, SWE [ NOBQUSETS o=t 3JNET4

FIGNITAD
AlddNS
v

¥3AGNNAD -7
ANddNs
N3IOOYAAH
¥ISATVNY
NOSSYDONGAR O1 30und *NO
FILINDI
$ILINOI xuvgs
- < 2 X4vdS qv/m vy
P wy3lsdn ea1
WVYIILSNMOQ A i

ER AL

FIANITAD 314WYS SYO Q 0 o of . G 10 XV
J14WYS SYO - L Mt
4840 $8dQ [e84q] [tada] [a]l |
MO8T3 3 M:V <xm<<u<u nw ‘ON _
N1 NOUDIS
o W .
k&&mm&(ﬂ( NOUO p SSINLIM “
NV
¥WYQ -~ WOVNH4VIQ WOVIHAYIA
OGNV \ﬁ% 1snVHX3 NAUONVES NONYYS _
1SAWHX3 ||K u w ,
83 84 [184] ,v |
PEILE ._L NOILIIS ¥WWYHD WV 1S3L I\|\|]L “
WV - Alddns
¥INING SVO _
TVINLYN |
e |
YILINOI FINING
AYVdS 1SNVHX3 ]
¥INENg |
\ 6 "'ON |
[ NOWD3S ¥INING ——=]
Smnﬁ NDOVIS 1SNVHX3 |
~I||I.|-I|l.l.'..llll.l'l.lll(lul..lllllllulll' e e e e e e e e e e =
H S "ON GNY 'y "ON ‘S "ON Z 'ON t "ON tzuz( -
| - SNOILIIS dN-NNY —te— NOWUDIS NOWDIS .
i INM EINIINRINL ¥3Z1N8VLS o_:zu_ z._
— h
_—I | 1 | | L W { r.r....rr
- 1 [ !

A
TT Irrr
o

13N 3043»
NLX W ¥IV3N

e




seriptions o FDow Uyotem Schematic Licorcan

Lesceription

Q BeXe X X

v,
Pad
JO{

X

@§;<§)Ea® 5] oo oy D& B

Manual g lobe valve

Flectric solencvid .perated valve

Flectric mector operated valve

wlectriv motor operated ball valve

Alr piston operated ball wvalve

One-way flow check valve

Pressure relief safety valve

Dome pressure regulator valve

Manual set pressure regulator valve

Electric motor operated pressure
regulator valve (dome loader)

Pressure rupture disc assembly

I'ressure gage

Voltmeter transducer

Ammeter transducer

Temperature transducer

Pressure transducer

Flame sensor transducer

Flowmeter transducer

3~k

| | v

cmat £



A .
.
. s )
: L.
) -
B .- o
- N ‘ ~
T .
. N
. - v s
H
i -
- ]
| [
Nl . . ‘ .
i < et R
! - \ oot
' - vy -
| - P i
: | I 10
- { e o
[ N E
- et . . . B : 0
-
- T ——— e e e
N
. s S







wirnio.

riztures

e

cerer

102 RO
Wice bievro o
. vegd .
coomah b

Verre

{otlopersd

‘noe the i

care ey

L onhe orn

S e

vl
vyt




ik

Tl The PRI o oin othe test chamber wos oo oo A
roniY o opora onlte . Drrnditer reconlled g osmnll o or Gt o s
s e Tohyaroecen cas oand alr o were fanited by o sy e
: mistlon chamber.  The resuitin: trlare ootirected A N
tneooothow o short nonzle Yoroa nominel duration of Do omel T it

were vuilt into the end 7 a i.l-m- (2.5-0t.- ot
>r pipe mounted inta fittings on the bhottom . the test o or.

1

Lion oor the dynition {leme was Just below the axiazl centerliin:

wrrester, () midchamber, and (i) downstream st the ohar:
wrear. and downstream igniter positicn were used durirs thne

n the :ownstream igniter position was used, tue francit.e ii-ph
per 2xit was shielded from the flame by a sheet of aluminuw o ve

wiiic dlaphraem until the flame had traversed the length ¢ the charner t
tne test arrester on the inlet end. This delay made it pussible t Tl
Qe ity motion pictures cr the flame impinging on the arrester ve’.re tiw

“posel to amblent Tisht throuwrh the ruptured diaphragms. & pho v -

oo lwnstrearn. ignlter and {lame shield are shown in Fieure =-6.

PonHURT 3T LCK

r .. resulatione covering the contloi]ﬂd reiease -1 hydrocart.on vap s,

©o wes mee ampiished by installine a 1.22-m (4-ft.) length of 30.5-cn (I2-irn.

flemetee piving cnoa vertically ulrected pipe elbow at the exit end -7 the ' =&
ariee. i rpipe oontained a ducted fan and damper valve to controal the ex

wicn, ir surn, maintained atmospheric pressure in the test charver yii
+

it on, Uriral-wosund, crimped metal ribbon arresters were attacted Lot th

b exbhaot stark assembly to prevent the propagation of flame int
: 5L e sampie reake was installed just downstrean of the inlet Mlanms

et i tyel/alr mixture sample taken at this loeation was Ted into oo

fm Dree el by drocarbon analyser. The sample line was closed by o ¢ len [
corat o vaoe Sast oprior to ignition to proteet the analyser. At the tor
et ey ctack, n oshieilded nabural gas fired burner dier
evoociet products. A photograph of the exhaust-burn stark asse
ol diarhrasm ot the exit of the rlame chamber is shown in Firure s-..

L P
mh Voana Tt

CULTURL RURNTNG URET FACTLITY

4

Ties trcility plpine was modified arter completion of the flame chnamber toeot

“ho- ¢ ee! ente the lame arrester test assembly out te an open area or the oo

“here were three possible locations for the isrniters: VRS, IR

mately 0% of the total exit area. The aluminum shielx delayen the rurn' av

;st—bnrn stack was required for this test facility in comrilance with

ot oal s oot -

n

i i Larnings tests.  Two pipe elb we were inserted just upstream of the witnero

Tyt 1 wer and turn the piping 20 dey away from the supporting rtract e,
e pire entow wao inserted between the downstream end of the witneass i
Lt areector test assembly; thic elbow directed the exhaust 2ow vortico

G w1 Fieare 3=8. 0 The gas sampie rske £or the hydrocarbon nroalyees woo

oo tetween the flanges apetrean of the tert section.  Tenition war
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SECTION TV

INGTRUMENTATION AND CONTROLE

| Al Uit TERAL DESCRIPTION

ALl instrumentation and controls at E-Stand facility wer: rem <o o 1o
and monitored. Test system parameters were measured at the ~eot it o

trical transducers with their signals conducted to the blockhi-ise T r i
recording, and display. Location and identification % a!l prin-ips. irnc
tation parameters and controls are shown in Firures 3-1 and --2. T~ =0

listinsm of the nomenclature [Cor all instrumentatic: and calou.ated rmraevor,

Test system parameters were divided into two grours:
speed), and (2) transient-state (hirh-speed) data. Steady-: e i
all the measured and calculated puarameters for the air asy-tem, Tiel oioren,

vapcrizer and condenser loop, fuel/air induction cystem, hy'ir-cari @ omiyee-s
and the pre- and posttest pressire loss measured across the teat arre - or,

Transient-state data includes the measured and calcuiated luame s e
pressures developed in the test flame chamber and faciiity pirin-, an:
cess or failure of the experimenta. rlame arrester.

Steady-state data was recorded and calculatea on the . FlL-deve. 1e.
Digital Acquisition and Controls System (IDAC) with back-up by the rew

Digital Acquisition and Control System (EDAC). Transient-state data w3 rec

on two high-frequency FM tape recorders and played back on an oseill wraph gt
expanded time scale. Flame speeds and peak pressures were manually coiledi @

also estimated from the high-speed motion picture films.

All critical control functions were either manually positioned -1 the ¢
trols console or automatically operated by the preset sequence timer. 7t ¢
operations were selectively recorded using electrical ~ontact clasure. - n
EDAC, F¥M tape, or a second high-speed oscillograph. Two strategsically tlc
television (TV) cameras, with videc displays in the blockhouse, munit rea the
fuels system area and the test flame chamber. Two hifh-speed motiorn yict e
cameras also recorded events both inside and outside the test flame cliumbter
the actual test firings. Visual coverase and controlled access to the teot
were maintained by a safety mcnitor in an observaticn tower located ver the
blockhouse.

[SE

A detailed description of the instrumentation and controls syster
in Reference 2-10. Modifications and new additicns that were made to the syt
for this test program are described in the tollowing paragraphs.

B. STEADY-UTATE DATA

The EDAC system is a new digital instrument recentiy inctalled at i,
was still in the process of functional checkout at the time of this prowram,
it was used as a backup steady-state data computing and recording cyetom 0o

L=1

calculated from the oscillograph traces. Flame speeds in the test chuarbtier werc




N A Ulowmeter Lemperature
. ST ja% rressure

remperatioee

\ ; : .
‘ dome loador prescure
L o [ pre-Caure
: . temperat e

riowmeter requaney
cus tuel pres
ue fuel differential presourc

ms3enus fuel temperature

e

L Fuel vaporizer cutlet pressure

K Fiel vapcerizer outlet temperature

K Fuel vaporizer core temperature
Mol injector inlet temperature

i Fuel/alr mixer outlet pressure

Fuel /=ir mixer cutl. .t tenpcrature
iel condenser inlet tempera ire
A Fuel condenser outlet temperature

Coclant water inlet temperature

T Iniet tee pressure
n Iniet tee temperatuie
I Innlet section pressure
IS Grabllizer sectlon pressure
P Witness section inlet pressure
: Witness section center pressure
.- Witness section exit pressure
[ Inlet ucction [lame sensor
P Stabilicer section flame sensor
Witness zection inlet flame sensor
Witneus sectlon center flame sensor
. Witnecs section exit flame sensor
: Flame chamber differential pressure, S na, 1
. Plame c~hamber ifferential pressure, Sin. 3
. Wlame -hamber differential pressure, Sia, o
: Flame chnmber differential pressure, S a. 7

Flame chnamber [{lame sensor, Sta. 1
Fleme ochamber flame sensor, Sta. 2
Flame chember fflame sensor, Sta. 3
Flape chamber {lame sensor, Sta. U
Fiame chamber flame sensor, Sta.
Flame chamber f'lame sensor, Sta.
Flame charber "lame sensor, Sta.

Chan
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Table L-1.

Instrumentation and Calculated Test Parameter lNomencloiure

{Continuation 1)

Steady-~Ftate
Parameters

Description

7L
81
TIY
TID
TCR
TCL
TCM
T91
792
HCA
PAL
DPAL
DPA2
PAMB

OC (0
OC (0
OC (0
OC (0
Oc (0
OC (0
OC (0
OC (0
OC (O
%

kN/m (psig)
kN/m (psid)
kN/m_ (psid)
kN/m~ (psia)

Witness section exit temperature

Test arrester inlet temperature

Upstream igniter flame temperature
Downstream igniter flame temperature

Flame chamber roof temperature

Flame chamber lower temperature

Flame chamber metal temperature

Exhaust stack inlet temperature

Exhaust stack exit temperature

Exhaust stack total hydrocarbon analysics
Test arrester inlet pressure

Test arrester differential pressure-vretect
Test arrester differential pressure-rosttest
Test area ambient pressure

Calculated
Parameters

Units,
S.I. (Engr.)

Description

MA
MF
AR
MFG
A/TG
$

VA

FAX~FYY

SX-5Y

kg/h (1b/h)

kg/h (1b/h)

ratio

kg/h (1b/h)

ratio

ratio

m/s (ft/sec)

m/s (ft/sec)

m/s (ft/sec)

Air mass flow

Liquid fuel mass flow

Air mass flow to liquid fuel mass flow ratioc
Gaseous fuel mass flow

Alr mass flow to gaseous fuel mass flow ratio
Equivalence ratio

Air flow velocity through 15.2-cm {6.0=in.-}
diameter pipe

Average flame speed between two adjacent flanme
sensors

Average flame speed between two adjacent 1light
ports or a light port and the test arrester
obtained from the motion pictures
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GAS-SAMPLE ANALYSIS SYSTEM

The :as-sample analysis syster used for this program is deserite: in o
in Reference 2-10. Briefly, it is an on-line system that utilizes a ¢ -kum. |7 i-.
L0 Total Hydrocarbon Analyser instrument combined with & JFL designe: and Toiri-
coted alr dilution and calibratior system. The analyser autoumaticaliy and o« r-
tinurusly messures the concentrat.on of hydrocarbon in a flowing pas uople,
utilizing the rlame ionization method of detection. It was calibrates using ro -
pane (C3Hg) and air mixtures. To analyse other hydrocarbon fuel and oir mim res,
the number of carbon atoms per molecule of fuel had to be in a rati~ *- that -7
propane. A flow system schematic drawing of the complete gas-sample wnalycis
system is shown in Figure L-2. A listing of the fuels and their properties that
are used in this program is given in Tables 2-1 and 2-2.

The hydrocarbon gas analyser was located as close to the test flame charber
as practical to minimize response time. It was placed in a steel-walled prote.:-
tive enclosure adjacent to the exhaust-burn stack. The gas sample rake was
installed in the inlet elbow of the exhaust-burn stack. A three-way s->lenci+
valve provided a gaseous nitrogen purge through the samplz rake when n:t in use.
Analyser response time after activation of the three-way sample valve was appre x-—
imately 30 seconds. Figure 3-7 is a photograph of the protective enclosure
housing the gas analyser loratec next to the exhaust-burn stack.

E. PHOTOGRAPHIC DATA

Two motion picture cameras were used to record every test firing. One
camera was positioned outside the flame chamber with a view of the entire test
section assembly. Operating at 32 frames per second, this camera reccrded the
rupture of the flame chamber diaphragms and the extent of the emitted rlame plume.
The other camera was positioned adjacent to the flame chamber observation window
with a view of the inside of the chamber, including the upstream igniter and the
downstream face of the test arrester. Figure L-3 is a photograph of this camera
installation. Operating at 100 frames per second, it was possible with this
camera to record the propagating flame front inside the chamber. Four light
ports, equally spaced on the opposite wall, provided reference points ror deter-
mining distance traveled. A schematic drawing of the flame-chamber camera instal-
lation is shown in Figure L-L4. The distances traveled by an expanding spherical
flame, when viewed by the camera, are indicated between each adjacent light port,
and from the light port in line with the igniter to the face of each o’ the t-ur
flame arrester test assemblies. By counting the numbter of motion picture frames
required for the flame front to traverse these known path lengths, the lapse
time was estimated and the average flame speed was calculated. The flume speeds
obtained by this method will not necessarily agree with those calculated from
the flame sensor data, because of the different sight locations and viewing
angles, but they are of the same order of magnitude. Figure 4-5 is a selected
series of six photographs taken from test motion picture film showing & tolnene
air flame propagation from ignition to sustention on the downstream face of the
dual 20-mesh screens arrester. Figure -6 is a similar scries of phot wraphs
showing a tnluene/air flame propagation from igniticon to penetration intoe the
open ended facility piping, causing an eruption of flame from the pipe.
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{b) 7.8 to 93.3°C (100 to 200°F) =+ 1.4%
{e) 93.7 to 1L48.9°C (200 to 300°F) =+ 0.85%
(1) 148.9 to 20L.4°C (300 to LOO°F) = % 0.65%
(e) 20L.% to 276.7°C (L0OO to 530°F) = * 0.L9%
() 276.7 to 1260°C (530 to 2300°F) = % 0.h43%

(L) VUncertainty tor air-velocty or air-mass~flov cal~.iall~us i *..807

ot value.
(5) Uncertainty for liquid-fuel-mass-flow calculation is *1.93% -i va_ ..
(6) Uncertainty for gaseuus-fuel-mass-flow calculation is +2.887 ~v vu. .

{f) Uncertainty for calculated air-to-liquid-fuel mixture ratic uni
equivalence ratio is #2.65% of value.

(8) Uncertainty for calculated air-to-gaseous-fuel mixture rati. and
equivalence ratio is #3.41%.

Using the uncertainties listed above, the maximum uncertainty <hst ~an e
expected for the measured and calculated steady-state test parameters asscciated
with the average value at standard test conditions are listed in Table u=2,.

The transient-state data were recorded on an Ampex Model FR 2200 and an
Ampex Model FR 3020 high-frequency FM tape recorders. Photovalitaic detector tlame
sensors were the primary instruments used to determine flame speeds. Itrain-
gauge-type differential pressure transducers were the primary instruments used
to measure peak pressure rise in the flame chamber. Flame sensor and pressure
sensor test data, along with pre- and posttest calibrations recorded «n the FM
tapes, were played back on an oscillograph at an expanded time base. The follew-
ing is an analysis of the uncertainties associated with transient-state data
assured with a 95% (20) probability.

(1) The uncertainty of flame chamber peak-pressure rise measurement is
+5.85% of transducer range.

(2) The uncertainty of calculated flame sensor flame speed measurement is
+5.45% of value.

(3) The uncertainty of calculated photographic flame speed measurement is
+10.07% of value.

The maximum uncertainty that can be expected for measured and caiculated
parameters associated with the averaged values of flashback flame speed and peak
pressure rise in the test flame chamber at standard test conditions are listed
in Table L-2,




e - - - .. -
Ty
h v Vaximuwn hreertainty U Measured ani as cualaton .
Cnramevcers gt bthe Mtandaras Test Toniition )
R A Symbol Ineertainty
Ale At o irdel pressurc PBO +0.27 ki/m™ (+7,0%9 pole
"
« dirrerenrial pressure DFO +0.0083 kl/m™ (+3.07.]
sreter ex iy teuperature SAADN 1,30 (+2,8°F
o]
Tl ool lin 1 gure PFL S1hL0 KH/mS (£ .0 peie
P STy T el tire o omperature TFL +0.9°C (+2,7°F,

Llyil Te o Mlownener frequency FMF +0.8 Hz
o . .
oo Mol Line pressure PGF +17.2 kKN/m"™ (+7.%C poiel 3

d e oo Uil line temperature TGF £0.9°C (+2.7°F

iniet pressure PAl *0.269 kN/m2 (#0.0-9 127,

7 L—o0 arrester differential pressure DFA +8.3 N/m2 (+G.00

3 oot sren anbilent pressure PAMB +0.538 kN/m

Lisenens Slow MA +1.90 kg/h (£L.19 1b,/h
Geloeiny VA +0.083 m/s (#0.27 ft. v

Tivdid=uel-mass flow MF +0.158 kg/h (£C.35 1b, iy
. .iy:ii-fuel-mass ratio A/F +0.35

puoesus=fucl-mass flow MFG +0.2L0 kg/h (£0.529 (b i)

Alv oo stoenus-Prel-mass ratio A/FG +0.40L

Janivalen-e ratio ¢ +0.0k
antiert=ntate Data

eare chiamber peak pressure rise DPXX 121 N/m2 (+0.0176 psii’

Flapse consor Slame speed FXX-FYY +0.19 m/s (*0.¢3 £t s

srophic flame speed 3X-SY +0.35 m/s (*1l.lc ft,/s°
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SECTION VY

i
o

SERATING PROCEDURED

e SENERAL ULV REQUTREMENT

AL test oy oeabing urocedures involving tuel transTer, o
fuel s,oten presswiced, required the safety tower cperator L

)
monit.or ali emrunication on a headset, and Cuntrnl azcess to v oWl
the satrety status Tights. The test stand was :

which permitted open access tc all personnel. =
.1 s were pert.ormed in an AMEER o« ndltlun, whiic N T—
ne’: to the w rkshop area, unless permission was -rantes

RED condition, which isclated the test stand and the curry SnAatel arot

from ailil perscnnel, was used during actuas test.

A minimur o0 two men was reguired at the site auwrins fuel

est preparations. Ferscnnel safety equipment included hard ha

gzloves, Tire retardant coveralls, and for some tfuels, treathing
Additirmal salety equipment was available including szarfety sh w
and the Firex water deluse system. All operati ns, except the replacc. Llotee
flam~ chamber alapnragms and the changing ©»f{ the test flame arrester
formed usings frorusl procedures in the form «f check lists, with ind:
dated and timed, and with each step initialed by two persons witnessiv. the eveni.

Ar. 1rniticn-c-mpletion key switch, which prevented the actuati n & the
hydroren/air spark igniter except during checkonuts and test sperationc, was
locate:d at the test stand.

B. GPERATILG PROCEDURE CHECK LISTE

The fvilvwind is a Jdescripticn f the operatings procedures and check Ticiv
use.l in the flashback {lame tests.

-t

1. retect System Checkouts

A. Ireiiminary Check. This check confirmed proper installation of the terst
item, instrumentati-n and control cable connectincns, readiness of the nitrocen
prescurant ane purse system, selection of the proper fTuel supply mcde, requeste:
pne P oprraphiic cuverage, and that the safety . stem was operati.nal.

b, flectronechnanical Checkouts. These checks examined, at the tezt staa,
the verall control system readiness by individual confirmation <f proper opera-

tion &f eacn contrsl in the blockhouse. |

. Sequence Timer/Emergency Circuit Checkout. This check it operated tie
preset aatomatic sequence timer, without actual fuel flow, whiie rec rdims contr]
element. actuatioms on the facility oscillopgraph. Sequence times f the vari. ur
elemen*.: were ueanured and adjusted where necessary. The sequence was then
r- peated, adiins a shubtdown with the emergency switeh to confirm proper emersency
witoh actuat tone,




i

Jd. Leak Check. These checks provided « r2te us nitrogen syster rak
o wperating pressure for the fuel uystem, nel vaporizer and
inducti..n system, and the air compresssr system.

rpder e

The tour checklist procedures described above were nct periorme.
test, but were dune when special circumstances, such as c mpiner-
.
L

{
{ RSN unctions, or severe weather, were encountered.
g
i . Tt Transter Procedures
2. fyopellant (fuel) Fill Check Lists. These procedures were provide: 1
{ teanarerring Tiquid fuels from their storage containers into the test stand ‘e’
o Suply tunk. Propane and butane were transferred via their own vapor pressure,
Jhe vher 1iquid fuels were transferred from drums by means of an air-mctov-

ven pump. [t was common to expect up to five separate tests in a day, each
nisr required approximately 4.6 x 10=3 m3 (1 gal) of fuel. Theref re, the
yply tank was topped off for each test day. The gaseous fuel system w

simply connecting new pressurized gas cylinders to the suppiy manif .1

ol

. Propellant (fuel) Offload. These transfers from the fuel supply tank
were nornally returned to the appropriate storage container. Small quantitiesz
R T propane or butane could also be disposed of through the burn stack. Generszslly,

Tuels Urom the vaporizer/condenser loop remaining in the collector tank were vt
suitable for recycling and were disposed of as waste. It was necessary to emptiy
llector tank after every two days of testing.

- i. Test Preparations

The Test Preparations Check Lists for instrumentation and test systems were
1 completed concurrently on the day of testing. In the blockhouse, all patchboard
y connections were completed and instrumentation was setup. An end-to-end instru-
mentation system calibration was performed. At the test stand, various safety
check and facility setups were made: condenser cooling water was turned on, the
nydrocarbon analyzer was put in operation, and the hydrogen and air gas pressures
were aljusted for the igniter. At the control console, the air compressor was
started and the air flow adjusted by means of the air metering valve and the air
bypass valve. After the air system temperature and flow were stabilized at the
iesired values, the test flame arrester pretest pressure loss was measured and
recorded,

The tuel vaporizer heater was activated, and nitrogen purge gas flowed
throagsh the heater coils and into the condenser for the preheat cycle. The teat
stang safety condition was changed from GREEN to AMBER. The fuel supply tank was
pressurized with nitrogen up to the desired operating pressure. The vaporizer
neater nitrogen purge gas was turned off and fuel flow was metered at a low level.
The fuel flow was increased up to the desired test condition as the vaporizer
heater reached the operating temperature.

Final visual checks were made of the test stand area, and the ignition com-
rietion key switeh was turned on. All operating personnel evacuated the test
stand ares and its safety condition was changed to RED.

5-2
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rnificant pane! switch

nouse prepurati oo beoan with a weather oiat) oo nfieneni oo 0ol

and direction and the ! ocal bar.retrls precciore, rtril Yoo e
vrolenition 1 oemer.el wiootanctlono wer SR -

its porition contirred.  With no. et onne.

thelr -peratin.- peositi-ne, the test conditi ne were reviewed and ¢ niirmed.

pretest instrumentuti n celibrutl n was recoried ant tne - oantiaown procedurs

= ~

Y. Cremtdown

"

A typlcal "countdown" procedure tollows:

(1)

An anncuncement was made over the public address systern to alert pers. i.-
¥

ne:r in the general area that a detonation may occur. Generally, ir
detonation nolse was very intense and sharp, capable of creating an
indirect hazard. A horn signal was alsc sounded.

The IDAC tape, EDAC tape, printer, ana ouscillograph were turned vl 1o &
CLOW SPEED.

The hydrocarbon analyzer purge was turned OFF, allowing the anaiyzer t
sample the fuel/air mixture flowing through the exhaust-burn stack.

The {tlel mixer valve was changed tn the RUN position, allowing fuel U
Tiow t the test piping for the first time in the test sequence. The
burn-stack-purge valve was opened tc sweep out combustible rases Tron
the rcollector tank vent line. The oscillugraph was turned OFF.

As the fuel/air mixture traveled thruugh the facility piping and into
the {lame chamber, the hydrocarbon analyzer responded with a steadily
inecreasing signal. The countdown timer was then stopped for a HOL]
peri~d, while fuel flow and air flow were confirmed or adjusted, 17
necessary. During flame chamber testing, the time required for the
mixture ratio of chamber exhaust gas to reach the desired ievel rance:
from 2 te 27 minutes due to differences in chamber temperature, fue.
density, and f7 w—-throurh characteristics in the test chamber.

when the COUNTDOw.. resumed, the IDAC tape, EDAC tape, and printer
were switched to CONTINUQUS MODE and the oscillograph and nmcovie camera
were turned ON. The vapnrizer heater was turned OFF | Tlame c~hamber
tests ~nly) to prevent electrical switchings ncise on the data traces
during the test. The hiyh-frequency FM tape recorder was turned Ol.

The hydrocarbon analyzer purgse was turned 25, again isolating it fron
the test system to pr-tect it from possible pressure pulse inmare.

Valves were actuated ¢
Lransducer from poosit

.~ the CLuSED pesitivn to iscolate the 1l w-precsure
e pressure pulse damage.

e gy >N




e Peniter was ARMED byoa oo le switohoand the oscllloecraph was

The o cegnence timer wos turnet N Tnis caused the Initer to, fire Yur
W onc. P Ulame chamber terts, tne hyddr pen oand alr valves for the
topiter were cpensd oan: tne trans oreer enerpglzing the spars pLus W
simultanesusly.  Actua, durari om0 the flare was 200 to Do) ms.
iatained burning tests, no the transformer energizing the srark

corote eniter wao powered oy 900 o,

At othe enit o the decsired Lot time, the test was terninated by cper-
atin- the FMERSENSY CUT FY¥ switch., Por .uame chamber tests, this
cedeve: Uive ceconds wtter dgnitioon ¥y sustained burning tests,

celo courren thirty il : irniti n cr when flame penetrati.n

The EMERGEN Y U W triarerel the following events:
valve was switchea frm RUN to CONDENSE position, vaporizer
tirned !N, vap.rizer neater was turned OFF (sustained burning
.y, fue. tank outlet valve (liquid) was CLOSED, and fuel

ut.et valve {gasecus) was CLOSED.

“he isrniter was UNAEMED, the wscillograph changed to LOW SPEED, and the .
ni.-h=-requency tape turned OFF, .

The el metering valve was CLOSED and the movie camera was turned CFF.

el o aply tank pressure transducers were vented and a posttest calii-
Lrate wac pertermed on the instrumentation.

PE twe. supply tank pressure transducers and the test arrester pressure
transiucers were reopened to the test system and all instrumentaticn

was thurned OFF,

r flow was maintained to purge residual fuel and combustion
rom the test piping.
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“he o osttest procedure included a visual inspection of the test stand. The
. ety ¢ndition was changed to AMBER. Reentering personnel inspecteud
ruptare dise assemblies, and replaced discs as required. The posttest flame
crer prescure 1 oss was measured and recorded. Chamber diaphragms were

;omoeer Uop reponts of flame chamber tests.

" repea’ test was to be made, the hydrocarbon analyzer was checked -ut.
Ceect creeraration Procedure would then be restarted from the point of turning

e rooompreanoy,

: *he ast test ¥ the day, posttest end-to-end calibration of the
camerntatlon onyotem was made.  Fuel in the induction system was pushed back
‘oo cgrp v tank and the system thoroupghly purged with nitrogen gas.




Immediately after each test, the data recorded on the FM tape recorder was
played back onto a quick-look oscillograph at an expanded time scale 5f 8 te 1.
This data told the test conductor that he did or did not pet ifnition, that the
flame arrester quenched the flame, or that the flame penetrated through. It the
“lame arrester was penetrated and the flame speed was hirgh, a playback record wase
made of the FM tape data at an expanded time scale of 32 to 1 for greater reso-
lution. These records were then analyzed to determine flame speeds and peak
pressure rise data.

T

-ty e
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SECTION VI

FACILITY CHECKoOUT TESTS

A. SU=SCALE FLAME CHAMsER TESTS

A series of tests were made to check out facility systems instu..
1y Tor the flashback flame tests. The initial tests were mauas in s .00
chamber wnile the full-scale chamber was being fabricated. Tnese teots
ductedi to evaluate the new hydrogen/air spark igniter system, the :pera
cedures required to fill an enlarged chamber with a combustible Yue. sir
that could be verified with measurements on the t.otal hydrocarben ana.yoer, toe
effectiveness of the frangible plastic chamber diaphragms, and, rinu..., tne
extent and nature of the problems associated with the flame plume emittea Ir
both ends of the test chamber following the diaphraszm rupture.

The subscale chamber shown in Figure 6-1 was made from an existi:s piece
o1 steel pipe 0.91 m (3 ft.) in diameter and 2.13 m (7 ft.) long., Tt was & inten
on supports at the exit end of the facility piping. A commercial rres-Vi: scoreel-
flame arrester housing was installed downstream cf the witness secti n thr these
check-out tests. Frangible diaphragms made from 6-mil-thick black p. :vethylene
piastic sheeting covered both ends of the chamber. A nominal 15.Z~c¢m- Lo-in. -
diameter hole in the upstream diaphragm provided entrance for the rue./zir mixture,
and a nominal 7.6-cm~ (3-in.-) diameter hole in the downstream diaparssm provide:
the exhaust exit. The gas sampling probe for the hydrocarbon analyser was
positiconed at the center of the downstream hole. The hydrogen/air spasrk is-niter
was mounted on a length of pipe in the center of the chamber, such that the p int
of ignition was at the axial center .ine. A nirsh-speed motiin plcture camera
viewed the intericr through a window port in the bottom o the flame cnamber.

Seven test firinrs were made in the subscale tTlame chamber using gasoline’
air mixtures at an injecti-n equivalence ratio rangines frem 1.1 to 1.3 (A/F = 13..9
to 11.2%). The injecticn veincity was 1.52 m/s (5 ft/s) through the 15.2-cm-
{6-in.~-) diameter pipins. Three tests were made with a dual 20-mesh screen
arrester instalied in the FPres-Vac housir.;, and four were made with the arrester
screens removed. Enersetic flames were recnrded in the chanber when irsnition was
made after the hydrocarbrn analyser measured an equivalence ratic of 0.7 (AF =
20.38) or higher in the exhaust flow. The flames entered the piping on every test
where the screen arrester was remcved. On the first two tests with the screen
arrester instalied, the rlames were quenchned. tiowever, on the last test the fiame
did penetrate the duzl 20-mesh screen arrester and enter the facility piping.
The motisn picture data from this test sh-owed that the hydroyen/air spark igniter
was still burning at the time the propagating flame entered the arrester housines.
This won!d have resulted in excessive flame speed that caused the arrester failure.
bPosttest inspection revealed no damage t« the s-reen arrester.

Both chamber diaphragms ruptured and burned on a.l tests. The peik chamber
pressure rise reccrded ranged trom 2.07 to 2.76 kKlirm? (0.3 t~ 0.4 psii). The visible
flame plume emitted from both ends of the chamber extended ter s distunce ~f abut
1 m (3.3 ft.). All instrumentation and cablin, within this area required tlome
protective covering., The audible noise associated with diaphragm vapture was minimn.
Flashback flame in the facility pipiny dit not pr duce detonations.

6-1
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The liniter was reiocated te the center 1 the ~hamber an: the wext iri..o .
were repeated.  With this couficuration, the f'lame sens ro rec ried Uiune proja- ’
rration in both the upstrean gt downstream directicns bef.re tie charnter laporu s

woese Llown sut.  Cacculated Ulane speeds rangea from L.Y L. owauomso 5 w15
ans tue rlame did not penetrate the screen arrester. All chanber pressure sens.ru
simultane usly recorded a peak pressure rise around 1000 I/m™ D.1.5 psid, .| .=t
ber.ce the diaphragms ruptured.

The igniter was relocated to the upstream positicn, which placea the p.i:ns
source »f ignition only 6.2 cm (30 in.) from the dewnstream face of the screc:..
Une test firing was made with this configuration where the flame penetrated tir .o-n
the screen arrester and into the f{acility piping. Posttest inspecti.n 2id ncu
reveal any damage to the screens. Motion pictures taken of this test showel the
igniti.n sequence and the rapidly expanding spherical flame front. It was estimatei
that the flame speed was in excess of 15.2 m/s (50 ft/s). This unusu~lly hnigh iame
speed was most likely caused by the localized influence of the hydrougzen/alr spark
icniter that was programmed for 2.0 seconds duration. The igniter durati.n was
reprogrammed to only 0.2 seconds (200 ms) on all subsequent tests; this eliminated
the high initiation flame speed.

N -

When the igniter was relocated to the downstream position, a 1.52-m- (5-7t.-)
diameter aluminum plate was installed to cover the central area of the plastic
diaphragm on the flame chamber exit. This flame shield covered about 40% of the
total exposed area and delayed the rupture of the diaphragm for a sufficient len-th
of time to allow the flame to traverse the length of the chamber. Mction pictures
taken of test firings after this modification showed that the flame propagation
path was predominantly in the lower half of the chamber. It is believed that
this is caused by gravitational stratificaticn of the fuel/air mixture as it
enters the chamber. The 1.52-m/s (5-ft/s) injection velocity is not sufficient
to produce turbulent mixing within the large chamber volume. It is, however,
representative of the worst-case condition of a fuel storage tank venting vapors
on a calm day. The results would be a flammable concentration or fuel vapors
collectinyt in the tank area, causing a very hazardous condition. In the test
chamber, the stratified flame produced very inconsistent readings on the flame
sensors mounted along the horizontal center line. 7To correct this situation,
the flame sensors were relocated along the top center line, where the tield
view looking down into the chamber included the low level flames. The resultings
flame speed measurements were much more consistent.

-

The flame screen assembly, which is mounted in the center of the Pres-Vac
housing, was 20.3 cm (8 in.) upstream of the exit flangse. In this position, the
screen surface was not visible to the motion picture camera and the flashback
flame impingement on the surface of the screen could not be photograrhed. For
the last series of checkout tests, the Pres-Vac housing was replaced with a short
15.2~cm- {6~in.-) diameter flanged pipe spocl secticn to provide the adaptor
mounting for the screen flame arresters. The screens were installed between tw.-
tlanges at the pipe spool exit, where they would be in full view I the motion
picture camera. Figure 6-2 is a photograph »~f a single 30-mesh screen arrester
mounted in the pipe spool adapter. Two test firings were made with this test
assembly usin, propane and air mixture at an equivalence ratins of 1.l and a V1. w
velocity of 1.52 m/s {5 ft/s). Both the upstream and d-wnstream igniter positi ns _
were used. Flame speeds from 4.5 to 7.62 m/s {15 to 25 ft/s) were rec rded and {
the flame 1lid not penetrate the single 30-mesh screen arrester on either test.

6H-3
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started to evaluate the four selected types ot flame arresters with one cor more

+ t the eight preselected fuels. To reduce the number of prssible tests, a standari
test condition was established that would use an injection equivalence ratic (1.0
o 1.2) producing the theoretical maximum flame speed for the particular fuel/air
mixture in use and an inlet piping flow velocity of 1.52 m/s {5 ft/s). Ignition
would be initiated at an equivalence ratio (0.7 to 0.9) well above the lower
tlarmability limit as measured by the total hydrocarbon analyser samp!ing the
nixture flowing in the exhaust-burn stack.




SECTION VII

DESCRIPTION OF FLAME ARRESTER TEST A-SSEMALIES

A, GENERAL

The U.S. Coast Guard has approved the use ¢f both a singsle 30-mesh screen #na
the dual 20-riesi screen coenfiguration for screen flame arrestera 'n U.d. flay
vessels. Their purpose is the prevention of t'lame passage tr = the ~pen deck

intc cargc canks through vent outlets, ullage ports, hatches, "r butterworth
plates. Thc wire cloth material used for these screens muct be resistant t« the
marine environment, i.e., resistant to chemical corrcrsion and salt water rustin .
In addition, the wire material must be resistant to high-temperature -~xidati
in the event an accidental flame impinges on the screen surtface for a proloneced
period of time.

These requirements served as guidelines for the selecticn of flame screen
arresters to be experimentally evaluated as part of the U.S. Coast Guara funie:
portion of this program. The NASA funded portion was directed at evaiuating tw
generically different types of flame arresters, namely the spiral-wound, crimpe:
metal ribbon, and the packed bed of Ballast rings. These twc types o7 flane
arresters have been shown to be very eftfective in quenching gasoline’air mixture
detonations in a piping system, as reported in Reference 2-10. The prrpagatin.:
flame speeds for detonations were in excess of 1800 m/s (5906 ft/s). It remaiinei
to be demonstrated that these arresters are also effective against fiames with
speeds in the range of 1.5 to 9.1 m/s (5 to 30 ft/s), and that they remain e77v -
tive under sustained burning test conditions for periods up to 30 minutes.

B. SINGLE 30-MESH SCREEN ARRESTER

The single 30-mesh screen arrester was made from standard-srade stainiess-stec!
type 316 wire cloth having the following dimensions:

Mesh size: 30 x 30 per lineal inch
Wire diameter: 0.033 em (0.013 in.)
Hydraulic radius: 0.0516 cm (0.0203 in.)
Open area: 37.1%

The type 316 stainless-steel wire is highly resistant to chemical corresion and
rusting. It will also resist thermal oxidation at temperatures up to 760°C
(1400°F). Nichrome wire has a higher thermal oxidation resistance, up to 972°C
(1700°F), but is less readily available in wire cloth weaves.

The single screen, with a Vellumoid gasket on either side, was installed
between the exit flange of the 15.2-cm- (6-in.-) diameter pipe spoci adapter and
a bolted-up, slip-on flange used for clamping, as shown in Figure 6-2. The fuel/
air mixture flow velocity in the facility piping varies inversely with the cross-
secticnal flow area, therefore the standard 1.52-m/s (5-ft/s) low vel ~city in-
creases to h.l m/s (13.5 ft/s) in passing through the 30-mesh screen attached ut
the end ot the pipe.




view ot the components in this assembly

allation is shown in Figure 7-2.  The
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crimped metal ribtbon
the pararetric pnase .7 the testing repcorted in

s made fron a cormerc
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. PACKED BED OF BALIAST RIS ARRESTER

The configuration for the packed bed c¢f Ballast rings arrester wus n.:o
developed during the parametric phase of testing reported in Keferenve 2-.7.
has the following optimized dimensious:

Bed diameter:

Bed length:

Bed volume:
Packing material:

25.4 ¢ (10 in.)
45.7 cm (18 in. )
3605 ce (1419 cu. in.)
aluminum RBallast rings

Ring size: 2.54 em (L.0 in.) in diameter =
2.54 em {1.0 in.) lonys
Open area: 60% (estimated)

The rings were randomly packed in 25.4-cm- (10-In.-) diameter flanrel pire
nousing and he.d in place with an expanded metal grid, as shown in Firurs /=5. 4
fianged concentric pipe reducer, 25.4-cm to 15.2-cm [10-in. to 6-in.) iiarmeter,

et e

adupted the inlet end of the arrester housing for installation on the exit ~: zhe
facility piping as shown in Figure 7-6. The estimated fuel/air mixture fi_w

velocity through this arrester at the standard test condition was ar-und 9.7 o o
(3.0 ft/s).
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SELECTION TESTING WITH
OF TEST ALTERNATE
ARRESTERS FUELS, AIR
PROPANE/AIR IGNITION AT
IGNITION AT MOST SEVERE
ARRESTER CONDITION
NO NO
Yes YES
DELETE PROPANE/AIR
ARRESTER IGNITION AT NO
FROM PROGRAM DISTANCE :
YES .
NO SELECTION i
OF TEST ,
ARRESTER
YES ‘
ETHYLENE/AIR PROPANE/AIR
(GNITION AT HEAT-UP
ARRESTER TESTING
NO
YES NO Y YES
ETHYLENE/AIR END OF
IGNITION AT TESTING
DISTANCE PROGRAM
NO Y YES
ARRESTER
CRITICAL
EVALUATION

Figure 8-1. Screen-Type Flashback Flame Arrester Test
Program Logic Diagram

¥
V)




sototel Ul clhinber with three fuess Lo rpaney, Lot ey
rere The idter poositiin wao cesereyg R 3 . -
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vies .7 screerings tests were made wisth oy

¢ nditisn where the injecti n equivaienre prati. wus .0

Fill time required t- obtain =« »ond ¢owbustib.e mixyice 1o

n GO seconds.  The nominal eguivaience rati  at immi-:

; : ; as measured by the total hydrocarb.n analyser sanp.
Tl rixture in the exhaust-burn stack. 7Tests were made with tne 1unl -

nesn caoreen arrester and the single 30-mesh screen arrvester usines bot: the uy-
strew and §ownotream igniter positions (Test Confipuration Hes. 1135 <o 1160,

Juewesesul Lenition and combustion was achieved on all test firings. The laci-
Luck Ulames 1l r ot penetrate either of these screen-type arresters con any tast.

‘he upstream igniter position produced an average flame speed between the
i It s ource f icnition and the arrester (F81-F82, Table L-1) that measured
o7 oon 1157 ftis). The flame speed moving in the direction »f flow [downstrenn
‘ed to oan average of 13.6 m/s (LL.6 ft/s) before it exited the J-wnstrewm:
the :'lawe chamber (F86-F8T). Average peak pressure rise in the chamber
t DFBTY ranged from 1139 to 974 N/me (0.165 to 0.141 psid). A pl-t =1 the
Lto Uron there tests is shown in Figure 8-2. Also shown rn this plct are the

sveeds in the facility piping that occurred on the last checkout test,

aerm
1

wiien, o oarrecter was not installed. The flame entered the piping (F8:-F73
R ) and accelerated up to 18.9 m/s (62.0 ft/s) at the facility
s {F2I-FI12). A tabular summary of averaged flame speed data and
ey prossure rise data is presented in Table 1-1. A tabular summary f alil
stewdy-otate iata is presented in Appendix B and a tabular summary of all
Lransient-siate data is presented in Appendices C and D.

(S0

.2t

The averace flame speeds recorded in this test chamber when using the dowr-
ctream Louiter p osition (Test Contiguration Neos. 114 and 115) were more unit
wid ower In owvaiue, as shown in the data plot, Figure 8-3. A maximum tlane speed

Solulom e 0 slB rt/s) occurred Just upstream of the igniter (F86-F8T'. The
flastback tfiane speed propagating against the direction of flow (upstream’ was
nly 4.0 mt 9.8 rt/s). This is about one half the speed obtained usinge the
ipstrean oniter pusition., Peak pressure rise data were also more unii rimowur:
.y . wer, with an averaged value of 810 N/m® (0.117 psid).

resil L

5 ot these tirst screening tests indicate that both the lual

RDENS scereen arrvester and the single 30-mesh screen arrester are eflective in
vienchine flashback flames with a nominal flame speed up to 6.3 m/s (70,7 't o,
e e nevere test condition in the flame chamber is produced when tae feniter
i tocnted in the upstream position. The flame speed data obtained ' m the
sl picture films corroborate these test results. It was apparent in the
“ilme thnt the derree f intensity (briphtness) in the propasating fizme Cront
proiateg Lo the rerions of optimum fuel/air mixture ratis and higsher levelo o
s ioed tareaience. When the upstream igniter position was used, o oricht bta:
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Soviume o aid be seen gorcelerating upstream through the center core UV w U the
plicce 0 the Tael ‘alr wnixture au it expanded f'rom the facility pipins. The el
wleovimrore ratl P the expuandiine plume became stratified by gravitarlonal
Ao s r fhe hegvier hydroazarb n vapors settled to the bottom o the test chamber.

e

Jned. e b ownstreqe. Lendver position was used, the propagating flame - ould t
i aooeoneentrated nainly in the lower half ot the chamber with =
wsed flame frent moving relatively sliowly upstream.  This
ernced In brichtness and accelerated in speed @s it pr . ressexl ip
Thsot.ooowe b the teat wrrester installed on the facility pipines.

. PLOVIEIR AR MIXTURE SCREENING TESTS

Tne serond series of screening tests were made with an ethylene/alr mixtare
staniard test conditions. The injection equivalence ratio was 1.15 (4 F =
500 T maximum Tlame speed. Fill time required tc charge the flanme chamber
with a ~onbustible mixture of this gaseous fuel was reduced to 400 secsnds. The
noring? eQ“lvalexge at the time of ignition was 0.70 (A/F = 21.1). Bcth the idua’

20-resh screen arrester and the single 30-mesh arrester were used in rthese Test:s
.1+u ups t»eam and downstream igniter positions (Test Configuration Nos. 117 t:

A prroblem started on the first test when it was discovered that a sustainei
Tlame 1Lve4,ped inside the exhaust-burn stack piping during the chamber fillir.::
rerati no. It is believed the flame originated from the natural gas {ired
burner at the top of the stack. Once the ethylene/air exhaust reached a flammatie
: ture level, 11 flashback flame from the burner impinged on the exit arrester.
‘he relatively hirh flame speed of the ethylene/air mixture and the low flow
velocity at this location allowed the flame to penetrate into the core of the
wrrester. It heated the stainless-steel crimped ribbon up to the spontaneous
ionition temperature (:90°C) for ethylene fuel. At this point, the flame passed
turouch the exit arrester, propagated up the piping, and held on the downstream
“ace . 7 the inlet arrester. Other than blistering the paint on the outside of
tne pipins, this caused no structural damage.

w
|
-
3
i

In the inlet arrester of the exhaust-burn stack had a core element made of
coviral-woound, crimped aluminum ribbon. It was four times as long as the exit
srrester, 15.2 om (6 in.) compared to 3.8 em (1.5 in.), and approximately the
sare Jdimmeter. This larger mass of metal, having higher heat capacity, appar-
outly prevented the lean ethylene/air flame from penetrating through the inlet
arrester, Crnsequently, the exit arrester was replaced with a unit similar to

the inlet arrester. The results indicated no further incidents of sustained

fiames in the exhaust-stack piping and the test program to evaluate screen-type
arresters using ethylene/air mixture flames continued.

The average flame speeds recorded in the flame chamber when using the down-
stream iyniter position (Test Configurations No. 119 and 121) ranged from
B m/s (25.6 rt/s) at the igniter (F86-F87) to 4.h m/s (1h.4 ft/s) at the
arrester (F81-F82). The average peak pressure rise in the chamber was 931 N/m
f0.1%% psid). A plot of the test results are shown in Figure 8-4. Both types
v sereen t'lame arresters were successful in quenching these ethylene/air mixture
Plashback flames.

[ Ke]
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Figure 8-4. Ethylene/Air Mixture Using Downstream Igniter
Position Test Results

When the arrester was removed from the end of the facility pipe, the flame
entered the pipe (FB81-F73) at a speed of 4.9 m/s (16.1 ft/s) and accelerated to
a detonation at the inlet arrester (F21-F12) with speeds in excess of 1800 m/s
(5905 ft/s}. The detonation 4id not produce any damage to the test facility
systems.

The average flame speeds recorded in the flame chamber when using the
upstream igniter position (Test Configuration Nos. 117, 118, and 122) ranged from
6.6 m/s (21.6 ft/s) at the errester (F81-F82) to 16.3 m/s (53.5 ft/s) at the
downstream chamber exit (F86-F87). The average peak pressure rise in the chamber
was 1102 N/me (0.160 psid). A plot of the test results are shown in Figure 8-5.
The single 30-mesh screen arrester was successful in quenching all flashback
flames, whereas the dual 20-mesh screen arrester failed to quench any of the
flashback flames in three test firings. The flame that penetrated through the
arrester screen housing decelerated briefly to 3.9 m/s (12.8 ft/s) in the facility
piping (F81-F73), and then quickly accelerated to a detonation before reaching
the facility inlet arrester (F21-F12). Posttest inspection of the screens fol-
lowing each flame penetration did not reveal any damage to the screen wire that
could have caused this failure.

The results of the second screening tests indicate that the single 30-mesh
screen arrester is effective in quenching flashback flames with nominal flame
speeds up to 6.6 m/s (21.6 ft/s). The dual 20-mesh screen arrester is not
effective at this higher flame speed, and the limiting flame speed will have to

8-6
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Figure B-5. Ethylene/Air Mixture Using Upstream Igniter
Position Test Results

be determined trom additional tests. The upstream igniter position again resulted

in the rore severe test conditions when using ethylene/air mixture in the flame
test chamber. PVhotographic data of flame speeds taken from the motion picture
'iims corroborated these test results. In accordance with the logic diagram,
Figure B-1, the follow-on alternate fuels tests were limited to using the
upstream igniter position only.

GACCLINE/ATR MIXTURE TESTS

(&

The first series of alternate fuels tests were made with a gasoline/air
mixture at the standard test condition. The injection equivalence ratio was
1.10 (A/F = 17.29) for maximum flame speed. Time required to fill the test
~hamber varied depending on the ambient temperature, but averaged around
900 seconds. The nominal equivalence ratio for ignition was 0.70 (A/F = 20.89).
Tests were made using the dual 20-mesh screen arrester, the single 30-mesh
screen arrester, the spiral-wound, crimped stainless~steel ribbon arrester, and
the packed bed of aluminum Ballast rings arrester (Test Configuration Nos. 125
to 130). All tests were made with the igniter in the upstream position.

The average flame speed between the igniter and the downstream face of

the test arresters (F81-F82) was 4.22 m/s (13.3 ft/s). The highest average
flame speed was measured Just downstream of the igniter (F82-F83) at 6.01 m/s
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(19.7 ft/s); from there it decelerated to only 2.92 m/s (9.6 ft/s) at the flame .
chamber exit (F86-F87). Average peak pressure rise in the chamber was around
1018 N/m2 (0.148 psid). Without any arrester installed, the flashback flame
entered the facility piping at 2.00 m/s (6.6 rt/s) and propagated upstream
reaching a speed of 5.4k m/s (17.8 ft/s) at the facility inlet arrester (F21-F12).
A plot of the results from these tests is shown in Figure 8-6.

The dual 20-mesh screen arrester, the single 30-mesh screen arrester, and
the crimped ribbon arrester were all successful in quenching the flashback
flames from the gasoline/air mixture. The packed bed arrester, in the original
test configuration (No. 129), was unsuccessful in quenching the first three fir-
ings. Flame sensor data actually recorded an acceleration in flame speed during
passage through the bed of rings, possibly caused by induced turbulence. A
single 30-mesh screen was inserted between the downstream face of the bed and
the retainer grid as shown in Figure 8-7. This test configuration (Nc. 130) was
retested using the gasoline/air mixture, propane/air mixture, and ethylene/air
mixture. It proved to be successful in quenching the flashback flame from all
three fuel/air combinations. During the testing with ethylene/air mixtures,
there was evidence of slight pressure spiking in the facility piping 25 seconds
after ignition and concurrent with the lean blowout of the flame holding on the
downstream face of the arrester. Posttest inspection of the arrester revealed
no damage to the screen wire, but there was discolorationindicating that the
impinging ethylene/air flame had heated the screen above 550°C (1022°F).
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Figure 8-6. Gasoline/Air Mixture Test Results
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B VETHANCL/ATR MIXTURE TESTS

Ti.- second series of alternate fuels tests was made with methanol/air
- at standard test conditions. The injection equivalence ratio was 1.0l
= ».41) for maximum flame speed. Time required to fill the test chamber
: ‘aged 1060 seconds, because of the cold ambient temperatures and the low
:lati ity of methanol. The nominal measured equivalence ratio at ignition was
J.€9 {(&/F = 9.38). Tests were made with the dual 20-mesh screen arrester
and the single 30-mesh screen arrester using the upstream igniter position (Test
canfiguration Nos. 133 to 135).

Tt average flame speed between the igniter and the downstream face of the
test arresters (F81-F82) was L4.35 m/s (1L.3 ft/s). The highest average flame

et measured just downstream of the igniter (F82-F83) was 5.52 m/s (18.1 ft/s).
flame sensors at the exit of the flame chamber (F86 and F87) were inopera-
‘& lue 1o weather conditions. The average peak pressure rise in the chamber
© 531 .i/m2 (0.120 psid). Without an arrester installed, the flashback flame
~ntere: the facility piping with a flame speed of only 2.19 m/s (7.2 ft/s), and
wao unable to propagate upstream through the facility piping. A plot of the
ve3ilts from these tests is shown in Figure 8-8. Both the dual 20-mesh screens
~nd the single 30-mesh screen arrester were successful in quenching
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Figure 8-8. Methanol/Air Mixture Test Results




O TULUENE/AIR MIXTURE THOTS

The tnird e ool alternnte ruels tests were made with toulens alr nlix Ly
o srandard test conditions.  The indection ejquivalence rovlo o wee 1,00 (A/F =
RN 1, Time reguired to 111 the test charber avers.od

coohe) Por maximum Tlame sp t
1070 seconds.  The nominaw! measured equivalence ratic at ignitlion waer 0.68
reay arreste

(A/F = 19,97, Tests were movle with the dual 20-mesh oo
single YW-mesth sereen arrester using the upstream igniter

2. 13C 1 138).

Contiguration 1

o~
)

The average flame speed between the igniter and the downstreanm Tace ol
est arresters (F81-F82) was 5.42 m/s (17.8 Tt/s). The highest average

the t

“lame speed measured Just downstream of the igniter (FB2-F83) was €.27 m/s
(20.6 Ft/s); from there it decelerated to only 2.65 m/s {B.7 ft/s) at the fierz
chamber exit (FBG-F87). The average peak pressure rise in the >hamber was

568 1Lme (0.097 psid), the lowest value recorded for all fuel/air mixtures.
Without a flume arrester installed, the flashback flame entered the facility
piring with a “lame speed of only 0.61 m/s (2.0 ft/s) and was unable tc propa-

gate urstrearn through the facility piping. A plot of the results from these
tests is shown in Figure 6-9. FBeth the dual 20-mesh screen arrester and the
single 30-mesh screen arrester were successful in guenching all flashback

flames from the tcluere/alr mixtures.
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Figure 8-9, Toluene/Air Mixture Test Results
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»Un ocerles of alternate fuels tesls were made with diethy. ether/
: «ndard test conditions. The injection equivalence ratic was
: g Tor omaximaun flame speed. Tirme required to fill the test
verages 00 seconds,  The nominal mezasured equivalence ratio at the
“vion wac ULTY (A/F = 15.8). Tests were made with the dual 20-mesh
er and the single So0-mesh screen arrester using the upstream
-iorn (Test Configiuration Nos. 139 to 141).

\

Ties average flame speed between the igniter and the downstream face of the
“est arroster (F81-F82) was 5.61 m/s (21.4 ft/s). The highest average flame
=i mexsured in the center of the chamber (F8L-F85) was 11.95 m/s (39.2 ft/s).
flam: rpeeus were the second highest obtained, next to the ethylene/air

=. The average peak pressure rise in the chamber was 937 N/m2 (0.136 psid).

Liout an arrester instailed, the flashback flame entered the facility piping
with a rlame speed of 2.98 m/s (9.78 ft/s) and propagated upstream accelerating
~o 59.4L3 m/s (195 ft/s) at the facility inlet arrester (F21-F12). A plot of the
results Pvom these tests is shown in Figure 8-10. Both the dual 20-mesh screen
rrectery and the single 30-mesh screen arrester were successful in quenching
211 flashback flames from the diethyl ether/air mixture.

w
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FPigure 8-10. Diethyl Ether/Air Mixture Test Results




H. BUTANE/ATR MIXTURE TESTO

The tifth series of alternate fuels Leoto were nmovre Wt ot i
mixture at standard test conditions., The fnjection eqgoiveden o rnn s

X (A/F = L3.686) ror maximum Ulame spewid. Time reaadrees to Si0, oo teos
! average.dd S07 scconds.  The nominal mensured g ilvalonore rat D70 Lhe U inme
! Y A} o) 3 . . .
ignition was 0.78 (A/F = 19.8). Tests were wmeede witi the ol oa=resh oo o
arrester and the single 0-mesh sereen arrecter using “lce apctroean o e
position (Test Configuraticn Nos. 1he to 1LL).
The average flane speed between the igniter and ~he downotiream +0¢ o
thie test arrester (F81-F82) was 5.02 m/s (11.9 ft/s). The higrest svirngo U.ore
1 specd measured Just downstream of the igniter (FE2-284) wns 5.7 m/s (16.v 7 o
- from there it decelerated to only 2.71 m/s (6.9 4/} «. the vlame charber
] exit  (FBG-FBT). The average peak pressure rive in the champer was 926 1/ me
(V.10 psid). Without an arrester installed, the lechbecx flame entured the
. racility piping with » flame speed of 2.2¢ m/s (7.4 ©v/2) and rropageted up. e
acceleratine to 17.54 m/s [5T7.% 1/2) a* the tacility iniet arrester [FZI-F0 .
A plot of the results from these tests s shewn in Fisurs Z=11.  Both the i
20=mesh scereen arrester and the single 30-mesh seres, arrester wore o, Ccsoi™l.
in quenching all flashback flames from the bulane/air mixrures.
“
1. ACETALDEHYDE/AIR MIXTURE TEST
’ The sixtin and r'inal series of alternate r.e s tests were maae w.ln
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. =11, Butane/Air Mixture Test Results
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igniter position (Test Configuration Nos. 145 to 147).

&

i 2t the time of ignition was 0.63 (A/F = 12.5). Tests were made with the dual
|‘ 20-mesh scoreen arrester and the single 30-mesh screen arrester using the upstream
I

test arrester (F81-F82) was 5.30 m/s (17.4 ft/s). The highest average flame
spee i measured at the chamber exit (F86-F87) was 12.11 m/s (39.7 ft/s). These

Tho svorage peak pressure rise in the chamber was 1102 N/m@ (0.160 psid), which

is
,

v

‘n the test program logic diagram presented in Figure 8-1. Since both the dual
-mecsh screen arrester and the single 30-mesh screen arrester were successful

atic was 1.15 (A/F = 6.82) for maximum flame speed. Time required to fill the

est ~hamber averaged 920 seconds. The nominal measured equivalence ratio

The average flame speed between the igniter and the downstream face orf the

Tlame Opends are about equal to those obtained for the dlethyl ether/air mixture.

same level obtained with ethylene/air mixture. Without an arrester

the
.stall ui, the flashback flame entered the facility piping with a flame speed of
22 /e (10.6 ft/s) and propagated upstream accelerating to 411 m/s (1348 ft/s)
the facility inlet arrester (F21-F12). A plot of the results from these
sts is shown in Figure 8-12. Both the dual 20-mesh screen arrester and the
le

:0-mesh screen arrester were successful in quenching all flashback flames
m the acetaldehyde/air mixture.

g

REGTER SELECTION FOR SUSTAINED BURNING TESTS

The tests described above completed the alternate fuel/air mixtures step
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SECTION IX

SUSTAINED BURNING ARRESTER TECTE

Al FROPANE, AIK MIXTURE TESTS

The first series of sustained burning tests were made with propare/air ».
tures ut the standard test ccndition where the injection equivalence rati. wus
1.1% (A/F = 13.75). The duration of testing was planned ¢or 30 minutes t . a_.

sufficient time for the test assembly to reach thermal equilibrium. n the coone

the tlame penetrated through the arrester, the test was terminatedi as y.lcx..
pussible to minimize damage tu the facility piping ani instrumentati ..

The dual 20-mesh screen arrester and the single 3C-mesh screen ar
testeu in tw. different test assembly sizes, the .rigsinal 15..-um (6-1:.. ii
and a new 25.k-em {(10-in.) diameter. This was dcne t o evaluate the oo

the rue: air mixture approach velocity and flow-throush veiceoity wn tie wharme

environrent at the screens. The spiral-wound, crimped stain.ess-stee. ribt o

arrester and the packed bed of Ballast rings arrester were the same : nii.-urg*!
that proved successful in the flashback flame testins. A.l arrester: were i:-

strumented with additional thermoccupies {(Figure 9-1' t- measure the:
and t. aid in predicting an impendiny fiame penetraticn when the arres
ture approached the spontaneous ignition temperature .f the fuel/air »ixt oo,

fee oo

The followinge results are fur the propane/air mixture sustaine: @ o
tests. A tuabtular summary f the test data is presented in Appendix

s

. Jiresie {)-Mesh lcreen Arrester, 15.0-cm Iiameter

fAoschermatic drawine: ¢ this arrester Lect assemt.y - Test T onrielear Do

presenteri in Flioare geo, och owe the Doeatlon 0 tne theewm oooLpe oA e
MCAS (et e viperat ire,  The smasl shenth=type Shern o 0 o was ot
witn syringes ariinat the pStrear Cace U the Soreern, LG met L own
*omaintain p oint oontact and t o wminim ot VLW iat grtans e, oo
Imr Yoow o vel oty oin thie hl —vme Geinu= dlmeter pipe mrapter ool wis
s Sl PUUe g the U0 wethr nth vel rity i Lhe Soreern wias oo, .
AL Lhe Start Uotest N, Uhe soreen fenpesat e rencte o an Lnlct i, joiten, f
LS arter Lo e onits, The terperatare cont inued o Pncrence coowLy antd
reccney e A%F wtrer o) mintes U peratlon, et et e
Lropoane alr slabare 110 L penetrate Uhr oot e Sirgt e s mmeett, Stveeeny carreest
APt frhe resyltc Do prerenter fn Migare u—-, b osteent incyectio o 0ot
SUETREL e e Paliyte o fome er sl el Ly Sioht loratio e
wire mecn,
. L Ca=lesn coreern Arrester, L.c-em Plameter

~ o :

A senematic frawinge 0 this test assembly (Test
gented Qn Ficure 9=/, shows the | eation of the thermocouples |
Loomensure the tw  sereen temperatures.  The approachine fiow veiccity in the

rosdoa

cm= t6-in.=) liumeter pipe was 1.5 m/s (5.0 rt's) and the 'l w-thriyh vel ci*y
)

in the screens was 3.3 m/s (10.8 rt/s). Temperature .n the 4. wnstreum sorecen
reached an initial plateau of 92°C (J98°F) after 120 seconds 3 operation ana
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#igure 9-4. Dual 20-Mesh Screen Arrester, 15.2-cm Diameter,
Propane/Air Mixture Sustained Burning Test Results
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Figure 9-5. Screen-Type Arrester Test Assembly, 25.L-cm
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mixture tlame did not penetrate through this single 30-mesh screen arrester. A
plot of the test results is presented in Figure 9-6. Posttest inspection
revealed only slight discoloration of the wire mesh over about 60% of the surtace
area as shown in Figure 9-7.

k. Dual 20-Mesh Screen Arrester, 25.4-cm Diameter

A schematic drawing of this arrester test assembly (Test Configuration No.
156), presented in Figure 9-5, shows the location of the thermocouples (T8A arnd
TUB) used to measure the two screens' temperatures. The approaching flow velocity
in the 25.4-cm- (10-in.-) diameter pipe was 0.56 m/s (1.8 ft/s) aund the flow-
throush velocity in the screens was 1.21 m/s (3.96 ft/s). The temperature on the
downstream screen (T8A) reached an initial plateau value of 160°C (320°F) after
120 seconds of operation and then increased to a nominal value of 190°C (3I7L°F)
for the remaining 30 minutes of operation. The upstream screen temperature (T8B)
reached 60°C (1L4LQ°F) after 60 seconds and then slowly increased to 70°C (158°F)
by the end of test. The propane/air mixture flame did not penetrate through this
dual 2U-mesh screen arrester. A plot of the test results is presented in Figure -

The maximum temperature for this 20-mesh screen arrester assembly was expected
te be higher than that measured on the similar sized 30-mesh screen arrester,
vecause LI the lower flow-through velocity. Posttest inspection revealed that
the thermocouple (T8A) was making poor contact with the screen surface and was
Located in an area of low temperature, as indicated by the flame impingement
pattern on the screen. There was no damage to the screens other than a discolora-
t1i n covering ab ut 60% of the flow area on the downstream wire mesh. A posttest
ph tograph .t the 20-mesh screens and spacer is presented in Figure 9-9.

500 T T T T ! T
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NO FLAME
00+ PENETRATION B
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1
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0 L 1 i 1 1 —
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Firure 9-6. 3ingle 30-Mesh Screen Arrester, 25.k-cm Diameter,
Propane/Air Mixture Sustained BRurning Test Results
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Rleure 9-9. Dual 20-Mesh Screen Arrester, 25.4-cm Diameter, Posttest

S.opiral-=dound, Crimped Ctainless-CSteel Ribbon Arrester
A senemetio drawing of this arrester test assembly (Test Configuration

Do k9, prezented in Figure 9-10 shows the location of the six thermocouples

LUns 2o oased to mensure the crimpred ribbon core element temperature. The

Virngr law veloeity in the 30.5%-cm~ (12-in.-) diameter pipe was 0.39 m/s .

Poos o) and the flow=thirough velocity in the crimped ribbon core element b

Tl (T.a0 M/ s), Temperature at the downstream center of the core

Coresched a maximum valie of 1000°C (1832°F) after 900 seconds

n i then slowly decressed to 930°C (1706°F) at the end of the

e (1ADD seronds). The sustained flame had to be burning inside the core

.7 : is bigh temverature, which is considerably above the spon-

Ceceolt et lon wemperature of 50L°C (940°F) for the propane/air mixture. The

vt U bhe oove olement {T8B) reached this spontaneous ignition temperature

S ; »rore test termination. It appears that the sustained flame

e Lot Tty comdine to the center portion of the downstream face, and after

' poration, the Clame had expanded to the outer perimeter (T8A). :

troove, ot mixture flame did rnot penetrate through this spiral-wound,
AU sheel arrester during the 30-minute test duration. However,
NRCANERNSY a.l net reached a state of thermal equilibrium and there is
ol nerabile o ieroe oY continuling f1ame propagation into the core. It is
. ke o wond have eventually failed. A plot of the test |
[ ' Ty Fogmrioen G :
i I v (AT A=11. ¥

~ u
St et rareetion o thln arrester test assembly revealed some minor
s 0 e oo sl in che formoof distortion and discoloration to the
St noess=ctee s ibb ooy windlinegs. The retainer grid was also distorted from
cotelee s heenn o eEpansion ant some grid elements were broken at the weld
o Ay orest photosraph of the Jdownstream end of the arrester assembly
. M LT e T '}_ ‘ "
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Figure 9-11. Spiral-Wound, Crimped Stainlesz-Steel Ribbon
Arrester Propane/Air Mixture Sustained
Burning Test Results

6. Packed Bed of Aluminum Ballast Rings Arrester

A schematic drawing of this arrester test assembly (Test Configuration
Ho. 151}, presented in Figure 9-13, shows the location of seven thermocouples
{T8A to T8G) used to measure the temperature in the bed of rings and on the
single 30-mesh screen retainer. The approaching flow velocity in the 25.4-cm-
{10-in.-) diameter pipe was 0.56 m/s (1.8 ft/s), the flow-through velocity in
the bed of rings is estimated at 0.94 m/s (3.1 ft/s), and the flow-through
velority in the 30-mesh screen was 1.5 m/s (4.9 ft/s). Temperature of the
soreen (T78G) reached the nominal value of 350°C (662°F) after 200 seconds of
operation and held fairly steady for the 30 minutes duration. The temperatures
nt the top of the bed (T8A and T8D) increased slightly to a maximum of 125°C
(297°F) due to radiation only; very little conductive and no convective heating
was possible. The lower part of the bed remained at the nominal mixture inlet
temperatiure of 50°C (122°F). The propane/air mixture flame did not penetrate
through the 30-mesh retainer screen on the packed bed of rings during the
30-miriute test duration. A plot of the test results is shown in Figure 9-14.
Posttest inspection revealed only a slight downstream bowing and discoloration
of the retainer grid and screen as shown in Figure 9-15.
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Figure 9-14. Packed Bed of Aluminum Ballast Rings with Sirgle
30-Mesh Screen Arrester Propane/Air Mixture
Sustained Burning Test Results

B. ETHYLENE/AIR MIXTURE TESTS

Tris last series of sustained burning tests were made with ethylene/air
mixture at standard test conditions where the injection equivalence ratio was
1.15 (A/F = 12.86). The planned test duration was 30 minutes. Only the two
arrester configurations of the NASA funded program were tested: (1) the spirni-
wound, crimped stainless-steel ribbon arrester, and (2) the packed bed of
aluminum Ballast rings. The USCG funded program did not require sustained burn-
ing tests with ethylene/air mixtures because the test conditions were con-
sidered to be too severe for screen-type flame arresters.

The following results are for the ethylene/alr mixture sustained burning
tests. A tabular summary of the test data is presented in Appendix E.

i Opiral-Wound, Crimped Stainless-Steel Ribbon Arrester

This is the same arrester test assembly (Test Configuration No. 150) shown
in Figure 9-10. The test flow conditions were the same as those described in
Puragraph A-5 ot this section. On the first test (No. 1524B) the flame penetirutod
into the core (T8A and T8E) after only (0 seconds of operation and resched a
high temperature of arcund 900°C (1650°F) at 150 seconds. The flame spread o
the outer perimeter of the core (TRB and T increasing this ares temperature t-
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Figure 9-16. Spiral-Wound, Crimped Stainless-Steel Ribbon Arrester
Ethylene/Air Mixture Sustained Burning First Test
Results

2. Packed Bed of Aluminum Ballast Rings Arrester

This is the same arrester test assembly (Test Configuration No. 152) shown
in Figure 9-13. The test flow conditions were the same as those described in
Paragraph A-6 of this section. In the first test (No. 1525B) the temperature
on the upstream face of the retainer screen (T8G) increased rapidly, reaching
the spontaneous ignition level of 490°C (914°F) after only 35 seconds of opera-
tion. Flame penetration occurred at 43 seconds when the screen temperature
reached 560°C (10LO°F). The bed of aluminum Ballast rings remained at the inlet
ethylene/air mixture temperature with only the downstream center of the bed (T8A)
receiving any measurable radiation from the sustained burning. Flame penetra-
tion through the retainer screen was followed by a detonation in the inlet piping.
Flame speeds measured in the witness section, which was just upstream of the test
arrester section, were at the detonation velocity of around 1830 m/s (6000 ft/s).
This would indicate that the penetrating flame had made the transition from :
deflagration to detonation within the length of the packed bed arrester. A
plot of the test results is presented in Figure 9-18. Posttest inspection of
the arrester revealed some distortion and discoloration of the retainer grid
and screen assembly caused by internal pressure developed during the detonation.

The above test was repeated at the same test conditions and with the same
arrester test assembly. This second test (No. 1525C) resulted in a detonation
immediately after ignition. Posttest disassembly and inspection of the packed
bed arrester revealed that the screen retaincr had been impacted in several

[ ST PV
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Figure 9-17. Spiral-Wound, Crimped Stainless-Steel Ribbon
Arrester Ethylene/Air Mixture Sustained
Burning Second Test Results

places by Ballast rings causing punctures as shown in Figure 9-19. The unde-
tected damage to the screen was probably initiated to a lesser extent during
the first sustained burning test that resulted in a detonation. These small
punctures allowed flame penetration without heat-up on the second test and
the subsequent detonation enlarged the holes to the size shown.
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Figure 9-18. Packed Bed of Ballast Rings with Single
30-Mesh Screen Arrester Ethylene/Air
Sustained Burning Test Results
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SECTION X

CONCLUSIONS

The following conclusions have been reached from the test results of +tinl.
experimental evaluation of flame arrester devices in a simulated fuel sterage
tank vent stack installation discharging eight types of combustible fuel/air nix-
tures, including: (1) propane, (2) ethylene, (3) gasoline, (4) methanol,

(5) toluene, (6) diethyl ether, (T7) butane, and (8) acetaldehyde. The tes<
flame arresters were mounted on the end of a 15.2~cm- (6-in.-) diameter pire
vent located in an unconfined one-atmosphere environment. The standard test
condition used an injection equivalence ratio from 1.0 to 1.2 to produce the
theoretical maximum flame speed for the particular fuel/air mixture in use; 1.
fuel/air mixture temperature ranged from 10 to 38°C (50 to 100°F), and the inlet
piping nominal flow velocity was 1.52 m/s (5 ft/s).

(1) An ignition source upstream near the flame arrester and in the center
of the exhaust plume produced the highest flashback flame speed for
a flame propagating upstream in the direction of the arrester.

(2) Ethylene/air mixture produced the highest average flashback flame
speed of 6.60 m/s (21.65 ft/s), ranging from 4.86 to 10.66 m/s
(15.94 to 34.98 ft/s).

(3) Butane/air mixture produced the lowest average flashback flame speei
of 3.62 m/s (11.88 ft/s), ranging from 2.92 to L.25 m/s (9.58 to
13.94 ft/s).

(L) Flashback flames from the typical bulk cargo fuels tested will propa-
gate in an open environment, such as the deck of a transport vessel,
but will not produce a detonation unless they penetrate an opening
leading into a fuel cargo tank.

(5) The single 30-mesh stainless~steel screen arrester was effective in
quenching flashback flames from all eight fuel/air mixtures tested.

(6) The dual 20-mesh stainless-steel screen arrester was effective in
quenching flashback flames from all eight fuel/air mixtures tested
except the ethylene/air mixture, where the flame speed was 4.86 m/s
(15.94 ft/s) or faster.

(7T) Damage to a screen flame arrester from a puncture, tear, or corrosion
that results in holes larger than the original mesh size renders the
screen useless in quenching a flashback flame. The damaged screen
should be replaced to restore the arrester's effectiveness.

(8) The spiral-wound, crimped stainless-steel ribbon arrester was effective
in quenching flashback flames from the propane, ethylene, and gasoline
fuel/air mixtures tested, and would probably quench the other five
fuel/air mixtures listed.
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The packed bed of aluminum Ballast rings arrester with single 30-mesh
arainless—-steel screen retainers was effective in quenching flashback :
lames from the propane, ethylene, and gasoline fuel/air mixtures >
rosted, and would probably quench the other five Tuel/air mixtures

Cisted.

Thi= packed bed of aluminum Ballast rings arrester without the single
i-mesh screen retainer was not effective in quenching flashback

rlames rrom gasoline/air mixtures, and would probably not quench the h
“ther seven fuel/air mixtures listed.

The test contigurations for the single 30-mesh screen arrester, the

funl 20-mesh screen arrester, the spiral-wound, crimped ribbon arrester,

«nd the packed bed of Ballast rings arrester withstood all flashback ’

tiame testing without any structural damage and only slight discolora-

cion from the short duration of flame impingement (approximately
seronds).

The single 30-mesh screen arrester and the dual 20-mesh screen arrester
withstoed flames from propane/air mixtures for 30 minutes without

i tural damage and only slight discoloration of the screen wire.

The fuel/air mixture flow velocity through the openings in the screen
renged from 1.2 to 4.1 m/s (3.9 to 13.5 ft/s), depending on the size

st the arrcster test assembly. In each configuration, the screens
reached a condition approaching thermal equilibrium after approximately
<00 sveonds where the temperature was well below the spontaneous igni-
*ion temperalure for the propane/air mixture. It is concluded that

s sustained burning conditions on these arresters could have contin-
ied for an indefinite period of time.

The equilibrium temperature on the surface of a screen flame arrester
at. sustained burning conditions is a function of flow velocity of the
tuel/air mixcure passing through the screen; the lower the velocity,
the higher the equilibrium temperature. It is possible that at very
i1~w flow=-through velocities the temperature of the screen would
increase to the spontaneous ignition temperature of the fuel and the
flame could penetrate the screen arrester.

The spiral-wound, crimped ribbon arrester withstood flames from the
propane/air mixture for 30 minutes. During this time, the flame
propagated into part of the depth of the core element, causing dis-
tortion and discoloration of the stainless-steel ribbon. Thermal
equiiibrium within the core element was not achieved during the

30 minutes of testing as the temperatures measured inside the ribbon
windings continued to increase above the spontaneous ignition tempera-
sure for propane/air mixtures. It is concluded that the flame would
have cventually penetrated the arrester, given sufficient time.
Sustained burning from the ethylene/air mixture did penetrate through
this arrester on two tests of 423 and 383 seconds. Therefore, the
nbility ot this type of flame arrester to withstand sustained burning
is highly dependent on the flame speed and the spontaneous ignition
temperature «t the fuel/air mixture.
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The packed bed of Ballast rings arrester with a single 30-mesh
screen retainer withstood flames froem the propane/air mixture for

30 minutes. The results were very similar
the single 30-mesh screen arrester, and it
of rings has little or no influence on the
configuration. Sustained burning from the
penetrate through this arrester in only 43

to those obtained from

is apparent that the b=
performance of this ar:-.ot.
ethylene/air mixture il

seconds on one test, roo o -

ing in a deflagration-to-detonation transition within the bed or

rings. The retainer screen was damaged by

impacts trom the bed of

rings, and this damage allowed the flame to penetrate immediately
after ignition on a repeat test. It is concluded that the packed
bed of rings arrester with a single 30-mesh screen is nc more effr -
tive than a single 30-mesh screen in withstanding ani quenching

flashback flames.
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Based upon the results of this test program, the followligs r
are made regarding the selection and installatizn of flare arrestir.
fuel storage tank vent stacks in a marine environment:

(1)

(L)

SECTION XI :

RECOMMENDATIUNS

[SEI0 (A OO TR

Based upon flame quenching capability, structural durability, and =«

low susceptibility to corrosion and fouling, the fnlliowing i'lame
arrester devices have been found effective in preventing flashback
flames in an open environment from entering vent openings ci a cary-
tank containing typical bulk fuels: (1) single 30-mesh siainless-—
steel screen, (2) dual 20-mesh stainless-steel screen, (3) spiral-
wound, crimped stainless steel ribbon, and (4) packed bed =f alumirn o
Ballast rings with single 30-mesh stainless-steel screen re*sainerc.
Ethylere, which is a gas at ambient temperature and pressure, i:c

not a typical buik cargo fuel.

Based upon the ability to withstand 30 minutes of continucus burnin; o
a propane/air mixture, the following flame arrester ‘evices have be=n
found effective in sustaining the flame from typical bulk cargo fuel.s:
(1) single 30-mesh stainless-steel screen, (2) dual 20-mesh stainlec: -
steel screen, (3) spiral-wound, crimped stainless-steel ribbon, and
(4) packed bed of Ballast rings with single 30-mesh stainless steel
screen retainers. Spiral-wound, crimped metal ribbon arresters app ar
to have a finite time duration for sustained burning conditions, ani
should therefore be evaluated for the specific fuel and at the most
severe condition of the intended applications. None of the lame
arrester devices tested is effective in sustaining the flame from =a:.
ethylene/air mixture for 30 minutes duration.

Based upon the inverse relationship between the equilibrium tempera:ure
of a screen flame arrester at sustained burning conditions and the
fuel/air mixture flowthrough velocity, it is recommended that in ri:!
transfer operations the rate of fuel flow should be fast encuagh o

keep the exhaust velocity of vented f'lammable mixture well above * e
laminar burning velocity cof the fuel being transferred. In the even”
of a flashback flame, this safety precaution will aid in keeping tn
screen flame arrester on the vent from over-heating by a sustained
flame.

The selection of a location for the flame arrester device on the vt
stack should be limited *to the very end of the pipe. The flame que:~hi-
ing ability of the arrester is reduced by any length of pipe, housi:
or mechanical device downstream of the arrester. Screen-type flane
arresters are effective only if they are undamaged by punctures or
tears in the wire mech and there are no gaps or hoics around the peri-
phery larger than the openings specified for the 20- or <0-mesh i
All flame arrester devices should be periodically inapected tor
and cleaned to remove fouling and corrosion.

'
e
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(5) The selection of materials used in the construction of arresters
should be based on their compatibility with the local environment
and the fuel vapors to be encountered. However, stainless steel
is recommended.

The data and experience obtained from these flashback flame and sustained
burning tests is limited to those fuel and air mixtures tested in a 15.2-cm-
(16-in.~) diameter pipe size. It is recommended that extrapolation of this
data should be limited to the following:

(1) Application to other fuels should be limited to those hydrocarbon

; fuels that have similar combustion characteristics to those fuels
’ tested
- .

(2) Applications scaled down to pipe sizes smaller than 15.2-cm (6-in.!
diameter are considered to be conservative.

(3) Scaled-up applications should be limited to pipe sizes no larger
than a 20.3-cm (8-in.) diameter, providing adequate consideration
is given to structural strength.

-t
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‘ APPENDIX A
§ TEST CONFIGURATION LOG
n
‘ Configuration
Ro. Test No. Description
| 100 to 112 1488 to The first thirteen test configurations were ev:.. ¢l
| 1495 during the facility checkout tests. They includ.:
: the preliminary installation of a subscale flame
chamber that was later replaced by the full-scu!e
flame chamber and the exhaust collector burn si:o XK.
Flame sensors on the flame chamber outer wall were
repositioned from the horizontal center line tc -ie
top center line. Three igniter positions usea I
the flame chamber were (1) upstream, (2) middle,
and (3) downstream. An aluminum flame shield wes
installed on the inlet piping upstream of the flaume
arrester test section. Also, a seccnd aluminum
flame shield was installed in front of the down-
stream flame chamber frangible diaphram. Fuels -iseq
on these checkout tests were gasoline and commer :ial
grade propane. The test arresters included boti: the
dual 20-mesh screens and the single 30-mesh scre-n.
113 1L96 (A-C) This test configuration is shown in Figure 7-2.
Flame arrester: dual 20-mesh screens
Fuel: propane
Igniter position: upstream
11k 1497 (A-C) Flame arrester: dual 20-mesh screens
Fuel: propane
Igniter position: downstream
115 1498 (A-D) Flame arrester: single 30-mesh screen
Fuel: propane
Igniter position: downstream
116 1499 (A-C) Flame arrester: single 30-mesh screen
Fuel: propane
Igniter position: wupstream
117 1500 (A-C) Flame arrester: single 30-mesh screen
Fuel: ethylene
Igniter position: upstream
118 1501 (A) Changed the exhaust collecter burn-stack flame

arrester from an Amal spiral-wound, crimped stain-
less-steel ribbon to a Shand and Jurs spiral-wouna,
crimped aluminum ribbon assembly.

Flame arrester: single 30-mesh ccereen

Fuel: cthylene

Igniter position: upstream

A-1




Test No.

Description

[
o
Las

1501 (B-D)

1502 (A)

1502 (B-D)

1503 (A-C)

1504 {A=C)

Flame arrester:
Fuel:

Igniter position:

Flame arrester:
Fuel:

Igniter position:

Flame arrester:
Fuel:

Igniter position:

Flame arrester:
Fuel:

Igniter position:

Flame arrester:
Fuel:

Igniter position:

single 30-mesh screen
ethylene
downstream

none
ethylene
downstream

dual 20-mesh screens
ethylene
downstream

dual 20-mesh screens
ethylene
upstream

crimped ribbon
propane
upstream

All of the following tests were made with the igniter
located in the upstream position unless otherwise

noted.

(A-D)

Flame arrester:

Fuel:
Flame arrester:
Fuel:
Flame arrester:
Fuel:

Flame
Fuel:

arrester:

Flame
Fuel:

arrester:

Flame arrester:

Fuel:
Flame arrester:

Fuel:

crimped ribbon
ethylene

crimped ribbon
gasoline

none
gasoline

single 30-mesh screen
gasoline

dual 20-mesh screens
gasoline

packed bed of rings
gasoline

packed bed of rings with singile
30-mesh screen
gasoline
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Configuration

No. Test No. Description
131 1511 (A-D) Flame arrester: packed bed of rings with sin;/ie
30-mesh screen

Fuel: ethylene

132 1512 (A-C) Flame arrester: packed bed of rings with single

3C-mesh screen

Fuel: propane

133 1513 (A-C) Flame arrester: single 30-mesh screen
Fuel: methyl alcohol

134 1513 (D) Flame arrester: none
Fuel: methyl alcohol

1395 1514 (A-C) Flame arrester: dual 20-mesh screens
Fuel: methyl alcohol

136 1515 (A-C) Flame arrester: dual 20-mesh screens
Fuel: toluene

137 1515 (D) Flame arrester: none
Fuel: toluene

138 1516 (A-D) Flame arrester: single 30-mesh screen
Fuel: toluene

139 1517 (A-C) Flame arrester: single 30-mesh screen
Fuel: diethyl ether

140 1517 (D) Flame arrester: none
Fuel: diethyl ether

141 1518 (A-C) Flame arrester: dual 20-mesh screens
Fuel: diethyl ether

k2 1519 (A-D) Flame arrester: dual 20-mesh screens
Fuel: butane

1b3 1519 (E) Flame arrester: none
Fuel: butane

14k 1520 (A-C) Flame arrester: single 30-mesh screen
Fuel: butane

145 1521 (A-C) Flame arrester: single 30-mesh screen
Fuel: acetaldehyde

A-3



Configuration

No. Test No. Description
146 1521 {D) Flame arrester: none
Fuel: acetaldehyde
Lo 1522 (A-C) Flame arrester: dual 20-mesh screens
Fuel: acetaldehyde
Rt 1523 (A-B) Changed the test assembly to the sustained burning
test configuration.
Flame arrester: crimped ribbon
Fuel: propane
149 1524 (A) Changed the thermocouples in the test arrester
from open tip ungrounded to closed-end grounded.
Flame arrester: crimped ribbon
Fuel: propane
150 1524 (B-C) Flame arrester: crimped ribbon
Fuel: ethylene
151 1525 (A) Flame arrester: packed bed of rings with single
30-mesh screen
Fuel: propane
152 1525 (B-C) Flame arrester: packed bed of rings with single
30-mesh screen
Fuel: ethylene
153 1526 (A) Flame arrester: 15.2-cm~ (6.0-in.-) diameter
single 30-mesh screen
Fuel: propane
ioh 1526 (B) Flame arrester: 15.2-cm- (6.0-in.-) diameter
dual 20-mesh screens
Fuel: propane
[ 1527 (A) Flame arrester: 25.4Uecm- (10.0-in.-) diameter
single 30-mesh screen
Fuel: propane
L 1527 (B) Flame arrester: 25.4-cm- (10.0-in.-) diameter
dual 20-mesh screens
Fuel: propane

A-4
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APPENDIX B

TABULAR SUMMARY OF STEADY-STATE MEASURED
AIR AND FUEL SYSTEM TEST CONDITIONS
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APPENDIX C

TABULAR SUMMARY COF TRANSIENT-STATE MEASURED
FLAME SPEED AND PEAK PRESSURE RISE
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. APPENDIX D

TABULAR SUMMARY OF AVERAGED MEASURED FLAME SPEED
AND PEAK PRESSURE RISE FOR FUELS
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APPENLIX E

TABULAR SUMMARY OF TEMPERATULE MEASUREMENTC
FOR GUSTAINED BURNING TESTS
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